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I. INTRODUCTION 
A fundamental principle of biology is that cells obey the laws of 
chemistry and physics. From this viewpoint motion or changes in motion 
within living cells are considered to be the result of an unbalanced force 
acting on a body. Katchalsky (1963) stated that in order to convert chem­
ical energy (a scalar quantity) directly into contractile mechanical 
force (a vectoral quantity), structural anisotropy is required. In 
other wordsJ the molecules of biological movement systems producing this 
type of force cannot be randomly arranged but must be organized in such 
a manner that the properties of the structure vary in different directions. 
This anisotropic organization is often observed in biological move­
ment systems on two levels: it is seen as optical anisotropy or bire­
fringence with the polarizing, light microscope and as an array of 
parallel filaments^ with the electron microscope. Studies of changes 
in birefringence and fine structure indicate that birefringence can be __ 
the direct result of the presence of filaments (Kane and Forer, 1965; 
Rebhun and Sander, 1967). However, the nature of the mechanisms pro­
ducing movement and the relationship of filaments to these movements 
remain unresolved. 
Intracellular, filamentous movement systems include muscle fibrils, 
the mitotic apparatus (MA), cilia, flagella, axopodia, myonemes, and 
^The word "filament" is used here as a general term for intracellular 
structures with diameters from 4-40 my and lengths much greater than the 
diameter. These filaments may appear solid or tubular in cross section, 
and are usually straight. 
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several others. Other structures such as "plasma filaments" (Komnick 
and Wohlfarth-Bo11ermann, 1965) and cytoplasmic microtubules (see Porter, 
1966) have been related to intracellular movements because of their loca­
tion and alignment in the direction of cytoplasmic streaming or ameboid 
movement. But to demonstrate that these anisotropic filament arrange­
ments produce movement, rather than result from a movement gradient 
such as occurs in flow birefringence, seems to be a difficult problem. 
Nevertheless, the concept that where movement takes place, filaments 
are present is becoming increasingly well established, although thà con­
verse statement that movement occurs whenever filaments are present is 
definitely not always true (Roth et al., 1966). 
An attractive unifying hypothesis is that most types of cellular 
movement, including mitotic movements and the contraction and relaxation 
of muscle, are modifications of a common molecular mechanism. For ex­
ample, Heidenhain (1895) and Weber (1958) both stressed the analogy of 
muscle and the MA. on the basis of physiological properties. This hypoth­
esis is supported by the experiments of Hoffmann-Berling (1954), who found 
that glycerine-extracted, anaphase-cell models can be induced to "contract" 
or elongate under suitable conditions of ATP concentration, ionic strength, 
etc., in a manner similar to the response of muscle-fiber models prepared 
in the same way. However, he could not demonstrate whether these changes 
were a response of the MA or the elongation of the entire cell. 
Immunochemical reactions indicate that the analogies between the 
two systems should not be extended to imply that genetically similar 
molecules are utilized. Fluorescent antibodies to chick muscle proteins 
are not selectively localized in dividing chick fibroblasts (Holtzer 
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et al., 1959), and no immunochemical reaction between sea-urchin muscle 
extracts and MA-protein antiserum is observed (Went and Mazia, 1959). 
Although no myosin-like protein is found in the MA (Inouë, 1964), 
similarities between MA protein and actin are shown by their reactions 
with myosin. Protein extracted from the isolated MA with a method used 
to extract actin from muscle will react with rabbit-muscle myosin A 
to form a superprecipitate similar to the vitro actin-myosin inter­
action (Miki and Oosawa, 1962). This extract also activates the myosin-
ATPase activity in the presence of magnesium. An actin-like protein with 
similar properties can be isolated from calf-thymus nuclei (Ohnishi 
et al., 1964). In addition fluorescein-conjugated heavy meromyosin 
reacts with the spindle fibers of the isolated sea-urchin MA as well as 
with the actin-containing I bands of isolated myofibrils (Aronson, 1965). 
Thus, some experimental basis does exist for a comparison of the proper­
ties of the MA and muscle. 
The intent of this dissertation is to characterize broadly the 
properties of two filamentous movement systems, the mitotic apparatus 
and flight-muscle myofibrils, and to form some comparative conclusions 
on the basis of similar studies on each system. In each case information 
was sought to clarify the molecular architecture of the filaments in­
volved, the bonds or forces that may maintain or alter the structure of 
the systems, the mode of formation, the changes in the properties of 
the isolated movement systems induced by changes in the surrounding 
solution, and the control of energy release. 
The two parts of this dissertation are organized in parallel to 
emphasize the parallel approach I used to investigate these two movement 
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systemsJ information is presented on the structure and the properties 
in solution (Chapters II and IV) and on the molecular structure and the 
formation (Chapters III and V) of both systems. Due to the diversity 
of these investigations, a study in depth of all these properties could 
not be attempted. Instead, detailed information is presented in several 
areas in which little prior information was available, e.g., MA sol­
ubility properties, MA-microtubule ultrastructure, and structure and 
formation of tubular flight muscle; of necessity, studies of other 
properties are more brief, e.g., rate of MA formation, induction of 
MA and myofibril elongation^ and structure and formation of fibrillar 
muscle; and some properties that aid in the understanding and comparison 
of the MA and muscle are reviewed entirely from the literature when 
sufficient information is available, e.g., in vivo MA properties, MA-
protein synthesis, and the molecular subunits of muscle filaments. 
However, only the more relevant or representative studies are cited from 
the vast literature on mitosis and muscle; no attempt is made to review 
the literature inclusively on the subject area of each chapter. 
PART ONE. THE MITOTIC APPARATUS OF A GIANT AMEBA 
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II. THE STRUCTURE AND PROPERTIES OF THE MITOTIC APPARATUS 
The mitotic apparatus is a transient cell structure whose function 
is to equipartition the genetic material into daughter nuclei during 
nuclear division. The mechanisms of mitosis are little understood, but 
studies on the MA are leading toward understanding the molecular mecha­
nisms of this basic cell process. A knowledge of the normal MA structure, 
function, and control is essential before an understanding of mitotic 
abnormalities and cancer, or uncontrolled cell division, can be obtained. 
In addition, comparison of this basic type of movement system with 
similar systems.should allow formation of some general conclusions re­
garding biological movement systems. Studies of the structure and forma­
tion of the MA involve several experimental approaches, and each will be 
considered in an order largely based on the chronology of their applica­
tion. 
A. Introduction 
1. Early studies of mitosis 
Nuclear division was observed less than a decade following Robert 
Brown's discovery of the cell nucleus (1833). The observations of Remak 
in 1841 supported a theory of direct or amitotic nuclear division, where­
as Reichert's observations supported an indirect division theory of 
nuclear lysis and formation of new nuclei in daughter cells (Wilson, 1925). 
Many of the details of nuclear division were observed during the inter­
vening half-century, but until about 1880 they were not interpreted in 
their true relationships. At that time, Flemming (1879, 1880), who 
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named the process "mitosis", and Strasburger (1882)., who described a 
spindle of fine fibers connected to the chromosomes, clearly defined the 
stages of mitosis and interpreted them in the sequence that biologists 
today believe to be correct. Flemming (1880) also defined the "chromatic 
figure" as the readily stainable nuclear threads and the "achromatic 
figure" as the fine unstained fibers of the nuclear spindle, in which he 
postulated the forces for moving the chromatin were centered. 
Studies of nuclear division in a wide variety of plant and animal 
tissues demonstrated that, with minor variations, the process of mitosis 
is nearly universal, as Flemming (1880) proposed. These many studies are 
reviewed by Wilson (1925) and Schrader (1953). 
Directly pertinent to this study are the observations of mitosis in 
the giant ameba. Chaos carolinensis (Chaos chaos or Pelomvxa carolinensis) 
by Short (1946), Kudo (1947), and Berkeley (1948). The multiple nuclei 
(50-200) of this organism were found to divide synchronously and to be 
characterized by a high degree of anaphase spindle elongation. 
2. The mitotic spindle in living cells 
The existence of the mitotic spindle gained general acceptance, but 
the difficulty in observing the spindle in living cells and the demonstra­
tion of a product resembling asters following the injection of an OsOi^ 
solution into a drop of protein solution by Fischer (1895) led to the 
suggestion that the achromatic apparatus was an artifact of fixation. 
Conclusive demonstration of its existence in living cells proved diffi­
cult in the following 50 years. Heilbrunn (1917) demonstrated that the 
cell viscosity increases upon spindle formation, that chemical inhibitors 
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can block spindle formation, and that attachments of astral rays pull 
in the cell cortex when the spindle is centrifuged to one side. Belar 
(1929) found that dividing insect spermatocytes placed in hypertonic 
salt solutions shrink until they conform to the outline of the spindle 
which seems to be quite rigid; yet, spindle elongation of anaphase cells 
will continue against a considerable opposing force by the shrinking 
cell. Micromanipulation studies, such as those of Carlson (1952), and 
centrifugation studies, such as those of Beams (1951), indicated that 
the MA in vivo is an elastic, gelled region of the cell resisting 
microneedle movement perpendicular to the spindle axis. 
The reality of the mitotic spindle was most conclusively demonstrated 
by the use of optical systems which can detect oriented structure in living 
cells altered only by the light passing through them. Schmidt observed 
the positive birefringence of the living spindle with a polarizing 
microscope (1936), and Inoue developed a system of rectified polarizing 
optics which allows spindle fibers to be seen in living, normally dividing 
cells (1953). Bajer and Allen (1965), using Nomarski differential inter-
ference-contrast microscopy, have recently demonstrated that spindle 
fibers in living plant endosperm are composed of smaller filaments. 
3. Electron microscope studies of the mitotic apparatus 
The early electron microscope efforts by Beams ^t al. (1950) demon­
strated that spindle fibers are made up of thinner structures with diame­
ters less than the resolving power of the light microscope; however, the 
fiber structure resulting from their techniques and those used in other 
early electron microscope studies of mitosis (Amano, 1957; Gross et al.. 
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1958; and Sato, 1958) was either too coarse or too diffuse to add 
significantly to the structural information from light microscopy. 
The commonly used buffered OsO^ (Palade, 1952) or KMnO^. (Luft, 1956) 
fixatives developed especially for electron microscopy failed to pre­
serve the fine structure of the MA. microtubules (Porter, 1960). 
De Harven and Bemhard (1956) and Ruthmann (1959) reported that the 
fine elements of the spindle could be seen occasionally; these were 
characterized as tubular-appearing filaments with a maximum diameter 
of 20 my. De Harven and Bemhard (1956) expressed the possibility, 
however, that this tubular appearance might result from OsO^ staining 
of the surface of a solid filament, and that possibility has not been 
eliminated by subsequent studies of fixed mitotic cells. 
Studies by Roth e^ al. (1960) on Amoeba proteus and by Harris 
(1961) on sea urchin blastomeres indicated the use of Ca"^^ or sea water 
(containing Ca"*"^ and Mg"*"^) in OsOi* fixatives consistently revealed 
tubular-appearing, 15-my filaments in the mitotic spindle. Improved 
techniques for fixing, embedding, and staining dividing cells enabled 
Roth and Daniels (1962) and Harris (1962) to obtain a comparatively com­
plete picture of MA fine structure throughout mitosis. As discussed by 
Roth and Jenkins (1962), stabilization of MA microtubules during osmium 
fixation is obtained with either the presence of 0.002 M divalent cation 
or fixation at slightly acid conditions (pH 6.0). Since that time, Kane 
(1962a) has been able to study the fine structure of the isolated MA 
fixed with OsO^ in hexylene glycol isolation medium, Jenkins (1964) has 
demonstrated preservation of MA microtubules in four species of protozoa 
fixed with OsOi* vapor, and a number of authors have reported MA 
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microtubules in a variety of cell types fixed with glutaraldehyde follow­
ed by OsOtt fixation (Ledbetter and Porter, 1963; Robbins and Gonatas, 
1964; Manton, 1964; Krishan and Buck, 1965; Roth et al., 1966). In 
each of the five techniques of fixation found to stabilize MA. microtubules, 
the dense-cortex, light-lumen structures are essentially identical, and 
the smooth-appearing tubule surfaces show no substructure. Although there 
are slight diameter variations between species, the diameters of all MA 
microtubules studied are between 14 and 26 my. 
The fine structure of mitosis in the giant amebae was described by 
Roth and Daniels (1962) in Pelomyxa carolinensis (the amebae used in this 
study) and by Daniels and Roth (1964) in Pelomyxa illinoisensis. In JP. 
carolinensis the MA includes a high number of microtubules which are 
14 my in diameter and nearly parallel, numerous small chromosomes, 30-to 
40-my diameter particles throughout the spindle, fine material that sur­
rounds the microtubules until telophase, occasional vesicles, and remnants 
of the nuclear envelope that surround the metaphase MA or become more 
closely applied to the chromosomes during anaphase. Some microtubules 
pass through the plane of the chromosomes; others are seen to connect to 
chromosomes, but no visible specialized junction is evident. No structur­
al connections are seen at the polar ends of the microtubules. 
A uniform terminology is not yet established for these fibrillar 
structures; this report utilizes terms that are defined as follows; 
"fibers" are the fibrous component of the MA seen by using light 
microscopy; "MA microtubules" are the tubular-appearing, 14-25-my-
diameter structures seen within the MA by using electron microscopy; 
"spindle, astral, chromosome-to-pole, and continuous tubules" are 
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shorter terms used to designate specific locations of microtubules within 
the MA.; and "protofilaments" are the thin filaments composing the walls 
of microtubules. 
4. Physical structure of the isolated mitotic apparatus 
Isolation of a structure termed the mitotic apparatus by Mazia and 
Dan (1952) opened many new avenues for investigating structures involved 
in mitosis. The structure of the MA. originally isolated from fertilized 
sea urchin eggs (by cold ethanol treatment and detergent dissolution or 
dispersion of the other cell components) demonstrated that the structure 
of the isolated MA closely corresponds to the "chromatic" and "achromatic" 
figures of classical cytology, that it is a structure mingled with other 
cytoplasmic components without a definite boundary, and that the MA. is an 
integrated physical entity which remains intact despite mechanical 
agitation (Mazia and Dan, 1952). The latter property indicates that the 
two asters are connected by continuous elements and that the chromosomes, 
spindle, and asters are rather firmly connected, at least in the stabi­
lized MA.. The phase-contrast and interference microscope images of the 
isolated MA suggests that the fibrous elements comprise the bulk of its 
mass (Rustad, 1959). Further refinement of isolation techniques by Mazia 
et al. (1961b) and Kane (1962b) yielded a MA. more closely resembling that 
of the living cell. The MA isolated with the dithiodiglycol (DTDG) 
technique retains osmotically active lipoprotein particles, ease of dis­
solving, and enzymatic ATPase activity (Mazia e^ , 1961a), all of 
which are lost with the ethanol-detergent method. 
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Polarization microscope studies of the isolated MA indicate a large 
positive form birefringence with respect to the fiber axes (Mazia and Dan, 
1952; Kane and Forer, 1965; Rebhun and Sander, 1967) and a small positive 
intrinsic birefringence (Rebhun and Sander, 1967). The appearance of the 
birefringence is essentially the same as in the living cell (Mazia and 
Dan, 1952). 
Although most investigators of the isolated MA have used eggs at first 
cleavage from the American sea urchins, Arbacia punctulata and Strongylo-
centrotus purpuratus, several other mitotic apparatuses have been studied. 
Dan and Nakajima (1956) isolated mitotic apparatuses at each division 
stage from eggs of the starfish and the Japanese sea urchin. In the un­
equal fourth cleavage of these echinoderm eggs, the macromere-forming aster 
is large and spherical, whereas the micromere-forming aster is smaller and 
truncate on the distal end. Using hexanediol media similar to that of Kane 
(1962b), Rebhun and Sharpless (1964) isolated the MA from fertilized surf-
clam eggs; and Sisken, Wilkes, and Donnelly (1966) isolated the MA from 
cultured human cells. Pfeiffer (1954) isolated a MA-like structure that 
he called an attractoplasma from dividing grasshopper spermatocytes and 
analyzed it cytochemically. Schwartz (1956) isolated micronuclear spindles 
and individual fibers from Paramecium bursaria by micromanipulation. A 
preliminary report (Goode, 1965) of the investigations described in this 
chapter demonstrated that the MA may be isolated^ from single amebae and 
studied with phase-contrast and electron microscopy. 
^When used in this dissertation, the words "isolated" and "isolation" 
mean that the MA has been removed from an intracellular environment into 
a defined medium; these terms are not strictly synonymous with those used 
in previous studies of MA isolated and purified by.centrifugal means. 
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5. Chemical structure of the isolated mitotic apparatus 
The major components of the MA. are proteins. Spindle fibers stain 
intensely with a mercuric-bromphenol-blue, protein-specific stain (Mazia 
et al., 1953) indicating they are the major location of protein. Anal­
yses of the isolated sea urchin MA show that more than 90% of MA dry 
weight is protein, and the MA contains 10-12% of the total cell protein 
(Mazia and Roslansky, 1956; Zimmerman., 1960). Similar values have 
been estimated from x-ray absorption analyses of Cyclops eggs (Stich and 
Mclntyre, 1958). Pfeiffer's (1954) studies on the isolated insect-
spermatocyte MA demonstrated basic or histone proteins located in the 
central, chromosomal region of the MA and acidic proteins in the outer, 
fibrillar region. 
Nucleic acids comprise about 5% of the MA by weight (Zimmerman, 1960). 
The x-ray absorption studies of Stich and Mclntyre (1958) indicate that 
the DNA content of the MA is less than 1% and remains constant from late 
interphase to metaphase, whereas the ENA level changes from less than 1% 
of the interphase nucleoplasm to about 5% of the prophase nucleoplasm and 
metaphase mitotic apparatus. The presence of RNA in the MA has also been 
demonstrated a number of times by cytochemical staining methods, and these 
studies are reviewed by Shimamura and Ota (1956). Spectrophotometric 
absorbence of MA microtubule subunits in solution indicates the preparation 
contains 4.5% nucleotides by weight (Sakai, 1966), and the change of opti­
cal rotatory dispersion of dissolved MA after RNase treatment also suggests 
that RNA may be associated with MA structural proteins (Kolodny and 
Roslansky, 1966). . 
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Although lipids previously had been.localized in the MA in situ 
(Milovidov, 1949), the original chemical tests for lipids in the iso­
lated MA were negative due to the use of ethanol and detergent in the 
isolation process (Pfeiffer, 1954; Mazia, 1961). Following isolation 
with the DTDG method, the presence of a large lipid fraction in the sea 
urchin MA can be demonstrated (Mazia, 1961). Other cytochemical tests 
have demonstrated polysaccharides (Monné and Slautterback, 1950; Immers, 
1957) and ATPase activity (Auclair, 1963; Hartman, 1964) within the MA. 
A most important, yet difficult-to-study part of the MA is the 
soluble matrix. The gel or structured portion of the MA is thought to 
be immersed in a solution containing randomly oriented, structural 
molecules in equilibrium with linearly oriented, structural molecules 
(Inoue, 1964); various inorganic ions including about 10"^ to 10"^ 
M Ca"*"^ (Mazia, 1937); quite probably a number of soluble organic 
molecules; and, of considerable importance, water. For example, thermo­
dynamic analyses of spindle fiber birefringence indicate a polymerization 
increase as the temperature is raised from 10° to 20°C (Inoue, 1959; 
Carolan et al., 1965); the reaction is characterized by relatively large, 
positive enthalpy and entropy changes that are thought to result from 
randomization of water released by the unoriented protein molecules upon 
polymerization. In addition, the stabilizing effects of DgO (Carolan 
et al., 1965) and organic solvents (Kane, 1965) upon the MA are suggested 
to result from changes in the properties of the solution within the MA. 
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6. Solubility properties of the isolated mitotic apparatus 
The MA isolated with the original ethanol-peroxide-detergent method 
was too strongly stabilized to resemble the iji vivo MA. in its solubility 
properties. Although this MA could be dissolved by strong alkali or 
disulfide-splitting agents, leading to the suggestion that it is normally 
a disulfide-bonded structure (Mazia and Dan, 1952), the only real conclu­
sion that could be made was that sulfhydral groups or some other groups 
are available to be oxidized during the isolation procedure. 
The more gently treated mitotic apparatuses isolated by Mazia e^ al. 
(1961b) and Kane (1962b) has proved more useful for study. Stabilization 
of the MA by the use of DTDG at pH 6.0-6.2 was interpreted as protection 
or stabilization of MA S-S bonds by the S-S group of the solvent. However, 
Kane (1962b) found that the MA can be isolated by using many mono- or di-
hydroxy organic compounds, including ethanol, hexylene glycol, and 
dithiodiglycol, to increase the pH value at which the MA is stable and 
that the MA is stable in distilled water at pH 5.5. From the results of 
further study on the effects of pH and hon-aqueous-solvent concentration 
on MA solubility, Kane (1965) suggested that MA solubility is a function 
of pH and organic solvent concentration and that, rather than being in­
volved in specific chemical reactions with the MA, the organic solvents 
decrease protein solubility by a non-specific effect on the dielectric 
constant of the solution. Like the in situ MA (Roth and Jenkins, 1962), 
the isolated MA is stabilized by 10"^ M divalent cation or low pH (Kane, 
1962b). It may be.dissolved at high pH or high KCl concentration in 
order to study the component molecules. Disulfide bonds may be formed 
to stabilize the isolated MA, but Gross (1957) states that the strong 
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dependence of cytoplasmic sol-gel transformations on pH, ionic strength, 
and ionic composition suggest that covalent bonds must play a small 
part, if any, in labile colloidal interactions. 
In order to study the effect of these three factors on the MA, I 
wanted to isolate the MA. into a large number of different solutions. To 
do the number of separate isolations needed to thoroughly characterize 
MA-solubility properties would have required a prohibitive length of 
time with the commonly-used isolation procedures, so an alternate 
approach was sought. Although cultures of the giant ameba are not avail­
able in adequate synchrony or quantity of organisms for mass isolation 
and analysis of mitotic apparatuses, it proved to be an excellent experi­
mental organism with which to do a large number of qualitative studies on 
the MA. A technique to isolate the ameba MA was developed which is 
rapid, fairly consistent, and usable with many different isolation media 
(Goode, 1965). 
This gentle physical separation of the MA should produce less loss 
of suspended, non-structured components of the MA than the involved 
chemical treatment and repeated centrifugation of other isolation tech­
niques. The directness and rapidity with which the properties of the MA 
can be studied is also an advantage, since the effect of a test solution 
on MA structure can take place immediately upon release of the ameba MA 
from its normal intra-cellular environment and not after a lengthy treat­
ment in the preliminary, isolation medium. The isolated MA becomes more 
insoluble and less birefringent during room-temperature storage (Kane, 
and Forer, 1965); a rapid isolation should also eliminate these sources 
of error. 
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In addition to isolations to test the effect of pH, ionic strength, 
and ionic composition on MA structure, isolations of the MA. were 
attempted with the ethanol-digitonin, DTDG, and ethylene glycol isola­
tion media of previous studies and with glutaraldehyde and D2O which 
had not been previously used as MA-isolation media. 
7. Induction of "contraction" or elongation 
Although spindle fibers do exist in living cells and several differ­
ent theories attribute to these fibers a major role in the movement of 
chromosomes during mitosis, there is no direct evidence that spindle 
fibers have such a role. Microscopic observations of normally dividing 
nuclei reveal only that some fibers become shorter when chromosomes move 
closer to poles, that other fibers become longer when poles move further 
apart, and that no apparent microtubule diameter change occurs in either 
case. Most attempts to experimentally induce or accelerate mitotic 
movements have not been successful. The studies by Inoue (1952b) are 
the most direct evidence of a "contractile" spindle-fiber function. 
Colchicine treatment of the Chaetopterus oocyte MA, which is attached by 
one aster to the animal pole of the egg during an extended metaphase, 
produces gradual shortening of the birefringent spindle, movement of the 
metaphase chromosomes toward the cell surface to which the MA is anchor­
ed, and a decrease of fiber birefringence. When the chromosomes are near 
the cell surface, birefringence and chromosome movement cease simultane­
ously, and the chromosomes scatter. If the disorienting factor (either 
colchicine or low temperature) is removed by washing or warming the cell. 
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the reforming spindle fibers elongate, and the chromosomes are pushed 
away from the cell surface. 
Using anaphase cell models produced by glycerine-water extraction 
of dividing fibroblast cells, Hoffmann-Berling (1954) induced chromosome 
separation and cell elongation by adding ATP in the proper concentration. 
He compared this "anaphase movement" to relaxation of muscle models and 
demonstrated that "contraction" could occur at lower ATP levels. However, 
Szent-Gyorgyi (1963) points out that this anaphase separation of chromo­
somes may be entirely an elongation of the whole fibroblast cell that 
does not actively involve the MA. He states, "Before assigning any con­
tractile properties to the spindle, I would like to have some motion 
reproduced using isolated spindle or mitotic apparatus" (Szent-GyOrgyi, 
1963, p. 253). 
Attempts to induce chromosome movement within the isolated MA have 
not been successful; Went (1966) suggests that the chemical groups 
necessary for functional activity are diverted to impart the necessary 
structural rigidity of the isolated MA. An additional explanation is 
that labile components lost during isolation have prevented an vitro 
reconstruction of MA function with the isolated unit. For this reason 
I attempted to induce elongation of the MA from the giant ameba before 
these changes had rendered the MA "non-functional". 
B. Methods 
1. Cells fixed during mitosis 
Cultures of the giant ameba. Chaos carolinensis, were maintained in 
4-inch glass bowls at 22°C in distilled water plus 4 x 10 ^ M KH2P0i^, 
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1.5 X 10"^ M CaCl2,.and 1.5 x 10"^ M MgSO^. Many dividing forms were 
produced by a heavy feeding with Paramecium multimicronucleatum about 
20 hours before organisms in mitosis were needed. Organisms with the 
characteristic mulberry appearance, indicating nuclear division, were 
selected with a fine pipette under a dissecting microscope and fixed in 
either 10% neutral formalin or a mixture of 70% ethyl alcohol, 20 parts, 
formalin U. S. P., 2 parts, and glacial acetic acid, 1 part (alcohol-
formalin-acetic acid or AFA). Fixed specimens were dehydrated in a 
graded ethanol series, cleared in xylene, embedded in paraffin, cut in 
2-5 y sections, and mounted on glass slides. The sections were later 
cleared of paraffin, stained with azure A-Schiffperiodic acid-Schiff, 
and naphthol yellow S (triple stain), mounted in Permount, and examined 
with phase or bright field optics. 
For electron microscopic observations dividing giant amebae were 
selected from cultures and placed in 1% OsO^ plus 2 mM C0CI2 or CaCl2 
buffered to pH 7.2 with veronal-acetate-HCl or buffered 2.5% glutaraldehyde 
for a 30-minute fixation period. The fixed specimens were dehydrated 
with a graded ethanol or acetone series and infiltrated with a mixture 
of two parts ethyl and three parts n-butyl methacrylate or with a 
Maraglas-732 mixture which was polymerized at 60°C for 18 hours. Thin 
sections were cut with a Porter-Blum microtome or LKB Ultratome, mounted 
on Parlodion-filmed grids, and stained with lead citrate (Reynolds, 1963), 
2% uranyl acetate, or 2% potassium permanganate. RCA EMU-3F and EMU-2A 
electron microscopes operated at 50 KV with 35- or 45- y objective 
apertures were used to examine the specimens. 
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2. Isolation and study of the mitotic apparatus 
Single dividing amebae were selected and placed in a drop of isola­
tion medium on a microscope slide. A standard isolation medium used was 
50 mM Sorensen's phosphate buffer at pH 5.6. The cell was opened with 
fine glass needles, and the contents were dispersed into the drop of 
medium. A cover slip was placed over the drop, and mitotic figures were 
located and photographed with a Zeiss photomicroscope equipped with phase-
contrast or Nomarski interference-contrast optics. 
The results obtained with other isolation media were compared with 
the preservation achieved with the standard medium. Organisms in mitosis 
were bisected in culture medium by slowly pushing down the plasma membrane 
with a fine glass needle until the upper and lower membranes seemed to 
fuse, forming two half-cells each containing numerous synchronous nuclei. 
One half-cell was opened and dispersed in standard isolation medium (50 mM 
phosphate at pH 5.6) with fine glass needles; the other was dispersed in 
the medium to be tested. The isolation media used were: (i) Sorensen's 
phosphate, sodium acetate, sodium citrate, and veronal acetate buffer 
solutions, each at 50 mM and over a range of pH values; (ii) the divalent 
cations Ca, Mg, Co, Ba, Sr, Cd, Zn, Hg, Pb, and UO2 as chlorides at pH 6.8 
and 20 mM; (iii) the trivaient cations aluminum (pH 4.2) and neodymium 
(pH 6.8) at 20 mM; (iv) various concentrations of CaCl2 plus 1-20 mM 
phosphate from pH 5 to pH 9; (v) various concentrations of CaCl2 and KCl 
together at pH 6.0; (vi) 0.15 M dithiodiglycol plus 10 mM versene at pH 
6.2; (vii) a 30% ethanol treatment of the intact organism followed by 
dispersion in a solution of equal parts 30% ethanol and 0.1% digitonin at 
pH 7.6; (viii) a 2%. glutaraldehyde solution buffered to pH 7.0 with 
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veronal acetate-HCl; (ix) a 10% ethylene glycol or 50% glycerol solution 
buffered with 20 mM phosphate from pH 6.2 to pH 6.8; and (x) heavy water 
diluted with distilled water to 90, 70, and 50%.solutions at pH 7.0. A 
cover glass was placed over the preparation in standard medium, another 
was placed over the experimental preparation, and both were gently pressed 
down with absorbent tissue to spread thinly the cellular contents and re­
move excess solution. Mitotic apparatuses were found (if present) and 
photographed in each medium; in this way careful comparisons of preserva­
tion could be made. If mitotic apparatuses were found in the standard-
medium isolations, but none were found in any of at least five attempted 
isolations with the medium tested, the conclusion was made that the MA. 
dissolves (or is reduced to structure non-resolvable by phase microscopy) 
in the test medium. A positive identification of stabilization by a test 
medium was recorded when two or more mitotic apparatuses were observed 
which maintained near-normal morphology for at least 5 minutes. If 
mitotic apparatuses were seen to dissolve within 5 minutes after isolation 
or to undergo change to a structure no longer resembling that seen by 
stabilization with the standard medium, the result was recorded as a 
borderline case. 
In order to study other properties of the MA, a stabilized MA was 
photographed, a solution containing a test compound was allowed to flow 
under the cover slip, and the treated MA was again photographed and com­
pared with the original. The solutions used to determine the properties 
of the previously stabilized MA were: 30 mM EDTA at pH 4.8, 6.0 and 7.0, 
50 mM Na0H-Na2HP0i^ at pH 8.0, 50 mM ATP, and an ATP-containing relaxing 
medium (defined in the next paragraph). 
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Since addition of these ATP-containing solutions to the stabilized 
MA. produced no chromosomal movement, several different methods were tested 
in an attempt to induce separation of chromosomes by MA elongation. The 
one partially successful technique was to bisect a dividing amebae, iso­
late mitotic apparatuses from one half in a relaxing medium of 0.1 M KCl, 
4 mM MgCl2, 2 mM EDTA, 8 mM ATP, and 5 mM KH2P0i^ at pH 7.0, and isolate 
mitotic apparatuses from the other half (the control) in a solution of 
20 mM CaCl2 at pH 6.8 or in magnesium salt solution (MgSS or relaxing 
medium without ATP). The normally synchronous mitotic apparatuses were 
photographed to determine if any differences in chromosome separation 
result from exposure to and isolation into relaxing medium. Both halves 
were in their respective solutions for the same time interval (about 20 
seconds) before they were opened, a cover glass was placed over each, and 
the specimens were observed within one minute after bisection. 
C. Results 
1. Chemical structure of the mitotic apparatus 
The mitotic apparatus of the giant ameba is a cylindrical region of 
the cell about 12-15 y in diameter and 10-50 y long surrounding (and in­
cluding) a densely staining plate of metaphase chromosomes or two plates 
of anaphase chromosomes (Fig. 1). Selective staining indicates the loca­
tions of the chemical constituents. The azure-A-Schiff reaction for acid-
insoluble nucleic acids stains the chromosomes intensely blue, the 
naphthol-yellow-S stain for proteins stains the spindle-fiber regions 
bright yellow and stains the cytoplasm to a lesser degree, and the 
periodic-acid-Schiff reaction for polysaccharides stains some cytoplasmic 
Fig. 1. Anaphase mitotic apparatus and cytoplasm of a dividing giant 
ameba fixed in neutral formalin and stained with azure-A-Schiff 
reaction, periodic-acid-Schiff reaction, and naphthol-yellow-S 
stain. Chromosome plates are stained dark blue, spindle fibers 
and cytoplasm are stained yellow, some cytoplasmic granules are 
stained red, and the ground cytoplasm and spindle-fiber region 
are stained lightly pink. Bright field micrograph. X 2000. 
Fig. 2. Metaphase mitotic apparatus of the giant ameba sectioned parallel 
to the microtubules (T). The spherical chromosomes (C) are pre­
cisely aligned and nuclear envelope fragments (E) surround the 
mitotic apparatus. Fixed in 1% OsO^ plus 2 mM C0CI2» embedded 
in methacrylate, stained with 2% KMnO/^. Electron micrograph. 
X 8000. 
Fig. 3. Metaphase chromosomes and spindle tubules. Prepared as in Fig. 
2. X 14,000. 
Fig. 4. Portion of a metaphase mitotic apparatus and adjacent cytoplasm. 
The contrast of the 35-mvi-diameter granules (G) seen in both 
the MA and the cytoplasm is increased much more than that of 
the microtubules (T), mitochondria (M), or nuclear envelope (E) 
by 15 minute staining with undiluted Reynold's lead citrate. 
Fixed in glutaraldehyde and OsOi^; embedded in maraglas. X 11,000. 

25 
granules red and stains the cytoplasmic-matrix and spindle-fiber regions 
very light pink. 
2. Fine structure of the mitotic apparatus 
The MA fine structure of Chaos carolinensis following fixation in 
cobalt-containing OsO^ is similar, in most aspects, to the fine structure 
obtained with calcium-, magnesium-, or strontium- containing OsO^ fixa­
tives (Roth and Daniels, 1962). In the metaphase MA (Figs. 2 and 3), the 
plate of small, dense chromosomes, microtubules with adhering fine materi­
al, very few small vesicles, 35-my granules, and surrounding remnants of 
the nuclear envelope are seen. A thin section through the right-
cylindrical MA parallel to the microtubules gives a rectangular outline 
14 u by 10 ]i, and the chromosome-to-pole tubules are 5 y long (Fig. 2). 
In the anaphase MA (Fig. 5) the chromosome-to-pole tubules remain 
5-y long, whereas similar-appearing, continuous tubules appear to elongate 
to the total 50-y length of the late anaphase MA. In addition, the 
nuclear envelope remnants are more closely applied to the chromosomes, 
a greater number of vesicles are present (especially on the poleward side), 
35-my granules are randomly located throughout the MA, and 15 my particles 
are seen arranged in whorl arrangements and on some membranes following 
fixation with cobalt-containing OsO^^. The 15-my particles, due to their 
size, staining, and arrangements, appear more like ribosomes than the 35-
my granules, which stain strongly with lead citrate (Fig. 4) in a manner 
similar to glycogen particles (Revel, 1964). A large number of measure­
ments of both continuous and chromosome-to-pole tubules during metaphase 
Fig. 5. Chromosomes and poleward region of anaphase mitotic apparatus 
including nuclear envelope fragments, vesicles, microtubules, 
35-my granules (G), and 15-mu particles (P). Fixed in 1% 
OsOi^ plus 20 mM C0CI2, embedded in methacrylate, and stained 
with 2% KMnOi,. X 53,000. 
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and anaphase gives consistent diameter values of 15 my for each type of 
tubule. 
3. Structure of the isolated ameba mitotic apparatus 
If suitable stabilizing conditions are used, the MA of the giant 
ameba can be "isolated" as a unit and studied by phase microscopy. In 
contrast to previously isolated mitotic apparatuses, this isolated MA. is 
anastral, acentric, and non-convergent. The metaphase MA (Fig. 6) is a 
right circular cylinder, 14-16 y in diameter, and 10 y in height. Numer-
DUS small, spherical chromosomes are well aligned in a metaphase plate, 
and much parallel, fibrous material is oriented perpendicular to the plate. 
The anaphase MA (Fig. 7) shows parallel alignment of chromosome plates 
and includes prominent fibers in the interzone and many vesicles among 
the poleward fibers. The vesicular components are osmotically active; 
they are fewer or absent in MA isolated in 0.01 M CaCl2 (27 mOsM) (Fig. 
6), slightly swollen in 0.02 M phosphate-0.01 M CaCl2 (approximately 60 
mOsM) (Fig. 35), shrunken in 0.1 m CaCl2 (approximately 250 mOsM) (Fig. 
14), and best preserved in the standard 0.05 M phosphate buffer, pH 5.6 
(approximately 100 mOsM) (Fig. 9). If the metaphase MA is spread flat by 
sliding the coverslip over the slide under pressure, a long line of 
chromosomes is seen with fibers extending at many different angles from 
them (Fig. 8); it appears that the acentric MA has greater cohesion in 
the plane of the chromosomes. 
Isolation media also effect the phase-optical density of the chromo­
somes. If the MA is isolated in a medium not containing divalent cations, 
such as pH 5.6 phosphate (Fig. 9) or 70% D2O (Fig. 10), only a central 
Figs. 6-11. Phase-contrast micrographs of isolated mitotic apparatuses 
from the giant ameba. 
Fig. 6. Metaphase mitotic apparatus. Fibers extend about 5 jj in each 
direction from the circular chromosome plate seen here on 
edge. Isolated in 10 mM CaCl2 at pH 6.8. X 2800. 
Fig. 7. Anaphase mitotic apparatus with chromosome plates about 5 y 
apart. Parallel fibers are clearly visible in the interzone. 
In 10 mM CaCl2 plus 20 mM phosphate buffer at pH 5.6. X 2800. 
Fig. 8. Metaphase mitotic apparatus isolated in 20 mM CaCl2 and spread 
by shear between slide and covèrslip. X 1050. 
Fig. 9. Anaphase mitotic apparatus isolated in 50 mM phosphate at pH 
5.6. Note the vesicles between the fibers on the poleward 
side of the chromosomes. X 2800. 
Fig. 10. Metaphase mitotic apparatus twenty minutes after isolation in 
70% D2O at pH 7.0. The chromosomes appear as a diffuse band 
across the center of the MA. X 1800. 
Fig. 11. Same metaphase mitotic apparatus as Fig. 10. Upon addition of 
10"^ M CaCl2> the chromosomes condense into small, dense 
spheres and the fibers are more clearly visible. X 1800. 
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band of diffuse material is seen; however, if CaCl2 is added to mitotic 
apparatuses isolated in 70% D2O (Fig. 11) or pH 5.5 phosphate, or if 
mitotic apparatuses are isolated in solutions containing divalent 
cations (e.g. Fig. 8), the chromosomes can be seen as discrete, optically-
dense bodies about 0.3-0.5 y in diameter. 
The structure of the isolated iylA is clearly visible with Nomarski 
interference-contrast optics. The shallowness of the field allows both 
chromosomes and spindle fibers to be seen relatively free of phase dis­
turbances from structures above and below the plane of focus (Fig. 13). 
4. Solubitity properties of the isolated mitotic apparatus 
Stabilized mitotic apparatuses are obtained routinely by using the 
standard isolation medium of 50 nM phosphate at pH 5.6 (Fig. 9). If the 
MA is stored in this isolation medium, no changes visible with phase 
microscopy occur within the first hour after stabilization; however, the 
fibrous structure of the MA is rapidly dissolved when a drop of 50 mM 
Na2HPOi^-Is;aOH at pH 8.0 is added. By attempting to isolate the MA over 
a wide range of pH values, the upper threshold of MA stabilization is 
found to be pH 6.0; i.e., acid solutions of each buffer used except 
citrate stabilize the isolated MA at pH 6.0 or below. Citrate buffer 
preserves the MA at pH 5.0 but not from pH 5.2 to 6.0, at which pH values 
the MA is stable in other buffers. The MA is visable at low pH values 
from pH 1 to pH 5 in acetate solution, but the cytoplasm is also "fixed" 
which makes isolation of the MA from the surrounding cytoplasm very 
difficult. 
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Stable MA may be isolated at higher pH values if certain other com­
pounds are used to aid in stabilization. The following divalent cations 
produce stabilization of the MA for phase microscopy at pH 6.8 and a con­
centration of 20 mM: Ca, Mg, Co, Ba, Sr, Cd, Zn, and Pb; stabilization 
is not produced by using Hg"*"^, or the monovalent cations Na or K 
at the same pH value. Solutions of Ca"*"^ below 5 x 10"^ M or above 0.4 M 
do not preserve the MA in the pH range 6.4-6.8, and MA isolated in high 
Ca"*"^ concentrations (slightly below 0.4 M) appear very fibrous (Fig. 14) 
compared to the MA in 10 mM Ca"^^ (Fig. 6) . The MA isolated in 20 mM 
Ca"*"^ at pH 6.8 is not dissolved upon addition of 50 mM Na2HP0i,-Na0H at 
pH 8.0 as occurs when the MA stabilized in pH 5.6 buffer is treated in 
like manner. 
Trivalent cations have a similar stabilizing effect on the isolated 
MA. Although Al"^^ stabilizes the MA at pH 4.2 and 20 mM, AICI3, like 
most common trivalent salts, cannot be buffered near neutrality and must 
be used to stabilize the MA at an acid pH at which the MA is stable with-
out added ions. This problem is avoided by use at the rare earth Nd 
(Neodymium) which stabilizes the MA at 20 mM and pH 6.8. 
When MA isolation is attempted in a number of media at various pH 
and Ca levels, three different MA-solubility properties are seen in 
different Ca"^^ concentration ranges, illustrated in Fig. 12. The MA is 
soluble at Ca"^^ concentrations above 0.4 M; this property is independent 
of pH. Between Ca^^ concentrations of 0.4 M and 1 mM, the MA is insol-
-j. 
uble and independent of H concentration from pH 5 to pH 9. Below 1 mM 
Ca^^, the h"'" and Ca"^^ effects are interrelated in such a manner that MA 
solubility is a function of both of these factors. Although the 
/ 
Fig. 12. Stability o£ the mitotic apparatus as a function of the pH and calcium 
concentration of the isolation medium. Serai-log graph. f-MA. is stable 
for at least 5 minutes, 0-MA. dissolves rapidly, ^-borderline (MA dis­
solves within 5 minutes after isolation). 
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relationship is apparently complex, as indicated by the hyperbolic shape 
of the boundary between conditions producing solubility or stability, the 
stabilizing effects of H and Ca are additive. For example, the MA. is 
soluble at pH 6.8 with no Ca present and above pH 7.4 in the presence 
of 10 ^ M Ca"^^, but it is stable at pH 5.8 with 10 ^  M Ca"^^. 
Although such designation is conceptually simple and most useful for 
graphic representation, preservation of the ameba MA. is not just a plus 
or minus property; the quality of appearance and the percentage of the 
MA from each ameba that is well preserved vary greatly among the media 
that yield some stabilized MA and are, thus, designated as being positive 
for stabilization. If these more subjective criteria are used, the con­
ditions represented by the central black dots (of Fig. 12) preserve the 
MA better than those nearer to borderline conditions, and the highest 
percentage of well preserved MA (Fig. 35) is obtained by using 20 mM 
phosphate buffer plus 10 mM CaCl2 at pH 5.6-6.8. If the criterion is 
the amount of oriented fibrous material preserved, sensitive polarizing-
microscope techniques, rather than phase microscopy, must be used. If 
the criterion of quality is ease of dissolution for analysis, the MA 
preserved in standard medium (with no Ca"^^ present) is best. 
By the use of a series of solutions containing both monovalent and 
divalent salts, one can more thoroughly characterize the solubility 
properies of the MA at high ionic strengths. The presence of monovalent 
salts seems to have no effect on MA stability if the total concentration 
of salts is 0.4 M or below (Table 1). At pH 6.0 (which preserves the MA 
with no added salts), MA are stable in KCl solutions of up to 0.5 M; 
above that concentration they are dissolved. The presence of CaCl2 at 
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Table 1. Solubility of the mitotic 
and KCl at pH 6.0 
apparatus in solutions of CaCl 
Stability Total 







- 0.900 0 0.900 0.900 0.900 
- 0.801 0.001 0.800 0.803 0.801 
- 0.500 0.500 0 1.500 0.600 
- 0.500 0.300 0.200 1.100 0.560 
- 0.501 0.0005 0.500 0.502 0.501 
+ 0.500 0 0.500 0.500 0.500 
+ 0.400 0.400 0 1.200 0.480 
+ 0.400 0.300 0.100 1.000 0.460 
+ 0.400 0.200 0.200 0.800 0.440 
+ 0.410 0.010 0.400 . 0.430 0.412 
+ 0.400 0 0.400 0.400 0.400 
+ 0.301 0.001 0.300 0.303 0.301 
+ 0.201 0.200 0.001 0.601 0.241 
+ 0.201 0.001 0.200 0.203 0.201 
+ 0.110 0.010 0.100 0.130 0.112 
= MA stable; ± = borderline; - = MA. dissolves. 
^Dissolving strength = li KCL + 0.4 y CaCl2. 
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high KCl concentrations increases solubility rather than making the 
MA more stable; as indicated by Tab".e 1, solubility of the MA in solutions 
of CaCla and KCl is a function of the total ionic strengths of the salts 
present. 
Another factor which aids in stabii-ing the MA is th>i presence of 
certain organic solvents in isolation media. The ameba MA is stabilized 
with 30% ethanol medium followed by digitonin at pH 7.6 and 22°C and also 
with dithiodiglycol-versene medium which extends the range of MA stability 
slightly to pH 6.2. In addition, stabilized mitotic apparatuses may be 
isolated in phosphate-buffered, 10% ethylene glycol at pH values up to and 
including 6.3. However, a 2% glutaraldehyde solution, though an excellent 
fixative for microtubule preservation in intact cells, does not preserve 
the isolated MA at pH 7.0 with the method used in this study. 
D2O also acts to stabilize the isolated MA. Whereas 90 and 70% are 
both effective for stabilization, the former is lethal to amebae; thus, 
70% is the concentration of choice (Fig. 10). 50% D2O temporarily 
stabilizes fibers, but they are not visible after 30 minutes unless a 
low concentration of CaCl2 is added 5 minutes after isolation. 
5. Experimental alteration of the isolated mitotic apparatus 
Anaphase elongation is not induced by addition of ATP-containing 
solutions to the isolated, stabilized MA. In every other study described 
in this report, mitotic apparatuses from halves of the same ameba iso­
lated in different media exhibit precise synchrony. 
However, when the mitotic apparatuses from one half of an organism 
are isolated into 20 mM CaCl2 solution and those from the other half are 
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isolated into ATP-containing relaxing medium, those in calcium solution 
are completely synchonous at one stage of mitosis, whereas the mitotic 
apparatuses isolated into relaxing medium may appear to be at more ad­
vanced stages. For example, the chromosomes in Fig. 15 (a MA isolated 
into CaCl2 solution) are 4 u apart, and the MA is 17 y long; however, the 
chromosomes in Fig. 16 (a MA from the same organism only isolated in re­
laxing medium) are 8 y apart, and the MA is 21 y long. In addition, the 
chromosome plates show a slight arching as the poleward fibers converge, 
a characteristic of the normal mid- to late-anaphase MA. A second test 
to demonstrate the effect of ATP showed that MA from halves of amebae 
isolated in relaxing medium (MgSS + ATP) have a greater separation of 
chromosome plates than halves of the same amebae isolated in MgSS (Figs, 
17 and 18). 
The induced chromosome separation in ATP-containing solutions may 
vary from no change to 20 y with different organisms or different mitotic 
apparatuses. The greatest difference occurs if the control mitotic 
apparatuses are in early anaphase and the experimental ones are in late 
anaphase; if the control organism is in late anaphase, no change is 
induced by relaxing medium (Fig. 13). In. all cases chromosome separation 
closely parallels the increase in the length of the anaphase MA. However, 
when metaphase mitotic apparatuses are isolated in relaxing medium, some 
fibers may extend beyond the others about twice the normal distance, but 
the chromosomes remain in one plate. No MA elongation occurs during the 
time the MA is being observed and photographed; the only differences ob­
served are the differences in chromosome separation and MA structure after 







Late anaphase mitotic apparatus isolated in Mg-ATP relaxing 
medium. Visualized with Nomarski interference-contrast 
optics. X 1850. 
Metaphase mitotic apparatus isolated in 0.1 M CaCl2 at pH 
6.4. Fibers appear very straight and coarse and dense 
granules are seen rather than vesicles. Phase-contrast 
micrograph. X 2800. 
Early anaphase mitotic apparatus isolated in 20 mM CaCl2 
at pH 6.8. The separation of chromosome plates is 4 y. 
Phase-contrast micrograph enlarged from ectochrome 35-mm 
slide. X 1600. 
Anaphase MA from the same prganism as in Fig. 15 but isolated 
in Mg-ATP relaxing medium. The chromosome separation averages 
8 la. Phase-contrast micrograph enlarged from ectochrome 35-mm 
slide. X 1600. 
Anaphase MA isolated in Mg salt solution. The chromosome 
separation averages 11 u. Phase-contrast micrograph. X 1380. 
Anaphase MA from the same organism as Fig. 17 but isolated 
in Mg salt solution plus mM ATP (relaxing medium) . The 
chromosome separation averages 14 Phase-contrast micro­




1. Chemical structure of the mitotic apparatus 
Selective staining of the giant-ameba MA demonstrates that the 
complex chemical structure of the MA includes at least three different 
biochemical constituents. The chromatin stains strongly for nucleic 
acid, whereas the achromatic apparatus stains strongly for proteins and 
lightly for polysaccharides. Due to their size and electron-density 
after lead or permanganate staining, the 35-mii granules seem likely to 
be the location of the polysaccharide in the form of glycogen (see 
Revel, 1964), and the size and grouping of the 15-mvi particles within 
the MA suggest that they are ribosomes. 
2. Solubility properties of the isolated mitotic apparatus 
This study indicates that although the achromatic portion of the 
MA contains a highly oriented system of microtubules, the isolated MA 
has the properties of a borderline sol-gel in which both solid and 
liquid phases are continuous. Slight changes in pH, ionic strength, or 
ionic composition can cause rapid solation of this gel-like structure 
leading to the conclusion that the bonds maintaining the structure of 
the MA are weak and largely non-covalent. From the effects of tempera­
ture on spindle birefringence, Inoue (1964) has calculated that the free-
energy change of spindle-fiber orientation is small and negative (^^°298 ~ 
-0.65 kcal per mole), but the entropy and enthalpy changes are highly 
positive. This free-energy is considerably different from the value of 
2.26 kcal per mole obtained for the reduction of the inter-chain disulfide 
•bonds of insulin (Weitzman, 1965). Although the value of AF obtained by 
1 
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Inoué could refer to a direct aggregation equilibrium, it could also 
refer to some other temperature-sensitive, equilibrium reaction that 
indirectly determines the birefringent retardation of the spindle. 
Thus, the MA of a living cell has been hypothesized to be in a state 
of dynamic equilibrium between oriented and non-oriented material (Inoué, 
1964). Cell disruption or fixation, under most conditions, apparently 
shifts the equilibrium toward unorganized subunits. However, the follow­
ing modes of action can be suggested by which the conditions employed 
during isolation shift this equilibrium toward stable microtubules: i) 
retention of existing bonds between subunits, ii) increase in the number 
of a type of bond already present, iii) rapid formation of new bonds, 
iv) decrease of repulsive forces between subunits, and v) reduction of 
the solvent-subunit interaction. Examination of the types of molecular 
events that can be responsible for these processes gives some suggestions 
about the quaternary bonding in the MA. 
For example, stabilization by acidic conditions involves a decrease 
in the total repulsive negative charge on a protein as the isoelectric 
point is approached and, perhaps, an increase in the number of hydrogen 
bonds present. Zimmerman (1960) found that the isoelectric point of 
sea urchin MA protein in pH 4.7. The most obvious difference in proteins 
below pH 6.0 (the borderline of MA stability) is the presence of positive­
ly charged imidazolyl (histidine) groups to balance other negative 
charges. Also, poly-L-glutamate changes from about 75% ionized at pH 6.0 
to about 50% ionized at pH 5.6 with a corresponding increase in hydrogen 
bonding (Doty, 1959). 
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Similarly, the divalent cation effect may be due to modes of 
stabilization ii), iii), or iv). Neutralization of the repulsive 
negative charges present on proteins above their isoelectric point is 
a general property of cations, and the divalent cations are known to 
precipitate more strongly according to the Schultz-Hardy rule (Hbber, 
1945). In addition to charge stabilization, the specific effect of 
divalent cations is ionic-bond formation to link protein units together, 
according to Hober. The specificity of these interactions is demonstrated 
by the fact that different divalent cations bind to different amino-
acid side-chain groups in proteins; calcium interacts specifically and 
reversibly with anionic carboxyl and phenolic (tyrosine) groups but not 
with sulfhydryl, amino, or imidazolyl (histidine) groups (Klotz, 1960). 
The ability of calcium to stabilize protein structures is probably a 
function of its ability to replace H or Na in the reaction: 2 Protein-
COOH + Ca"^^ Protein-COO-Ca-OOC-Protein + 2 The fact that isola­
tion in the mild chelating agent, sodium citrate, dissolves the MA in 
the pH range from pH 5.2 to pH 6.0 (where the MA is stable in all other 
buffer solutions used) implies that divalent cations responsible for a 
portion of vivo MA stability are removed during isolation in citrate 
solution. However, there is no certain evidence that divalent cations 
act directly to link MA-protein subunits in vivo. The requirement for 
10 M Ca in the electron-transfer reaction between cortex protein and 
MA protein (Sakai, 1966) may be an indirect or catalytic effect. 
"f-p •f* 
The stabilizing effects of Ca and H on the MA are additive in 
the regions just below the curve in Fig. 12; however, in serum albumin 
Ca and H compete for the same sites, and at pH 5.5 much less Ca is 
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bound per molecule of protein than at pH 7.6 (Katz and Klotz, 1953). Thus, 
increased h"^ must increase other attractive forces to a greater degree 
than it reduces binding for these two factors to be additive in 
stabilizing the isolated MA. Chambers and Chambers (1961) have determined 
the nuclear and cytoplasmic pH values in a number of cell types (includ­
ing the giant ameba) by microinjection of indicators. They obtain values 
of pH 6.8 for the cytoplasm and pH 7.6 for the nucleus. The values in 
Fig. 12 indicate that, at a calcium concentration of about 10 ^ M, the 
MA is stable at the cytoplasmic pH and soluble at the nuclear pH. 
Equimolar concentrations of KCl and CaCl2 exhibit nearly equal effects 
on MA solubility at pH 6.0; however, MA-solubility results at high salt 
concentration are more meaningfully expressed with respect to ionic 
strength since protein solubility in salt solution is a function of not 
only the salt concentration but also the charge on each ion (Fruton and 
Simmonds, 1958). When the results are expressed in this manner (Table 1), 
the effects of KCl and CaCl2 on MA solubility are more clearly differ­
entiated. The ionic strength of KCl which will dissolve the MA is four-
tenths the ionic strength of CaCl2 required for the same effect, or the 
dissolving strength of a solution can be defined as four-tenths the ionic 
strength of KCl plus the ionic strength of CaCl2. The ameba MA at pH 
6.0 is dissolved^ in solutions with a dissolving strength greater than 
^In no case where "dissolution" is reported does the statement mean 
that microtubules are known to be broken down into soluble subunit 
molecules ; "dissolution" as used herein means that the MA is broken down 
to structure smaller than the resolving power of the phase microscope, 
and the gel-like structure of the MA is reduced to the point that 
chromosomes and vesicles can diffuse away by Brownian movement. 
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one-half. This varies markedly from the results of dissolution of cilia 
at high ionic strengths; small amounts of divalent cations were found to 
protect cilia from dissolution in highly concentrated monovalent-salt 
solutions (Hober, 1945). 
3. Induction of elongation 
No movement resembling anaphase has been induced in isolated and 
stabilized mitotic apparatuses, and no movement occurs during the time 
the MA is being observed and photographed in this study. Nevertheless, 
the greater chromosome separation and total MA. length indicate that 
greater elongation occurs in the MA isolated in relaxing medium than in 
the other solutions used as isolation media. The induced anaphase-
chromosome separation and the partial elongation of metaphase mitotic 
appartuses could result from induced elongation of continuous tubules. 
The results obtained do not indicate whether these changes occur before 
or after the cell is opened and the mitotic apparatuses are isolated; 
they only indicate that greater elongation is induced during the one-
minute interval between the time the amebae are bisected and the time 
isolated mitotic apparatuses are observed. Belar (1929) demonstrated 
that greater-than-normal spindle elongation is induced by placing 
anaphase insect spermatocytes in strongly hypertonic Ringer's solution. 
However, the effect of relaxing medium is not just the effect of a 
hypertonic solution; mitotic apparatuses isolated in relaxing medium 
have a greater chromosome separation than mitotic appartuses from the 
same organism isolated in MgSS (the same solution without ATP). In 
addition, mitotic apparatuses isolated in other salt solutions (Table 1) 
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with ionic strengths similar to relaxing medium have the same chromosome 
separation as mitotic appatuses from the same organism isolated in 
20 mM CaCl2« Relaxing medium is similar to the solutions used by 
Hoffmann-Berling (1954) to induce elongation of glycerinated anaphase-
cell models. Chromosome separation in these cell models is at a rate 
of less than 1 y per minute and can be ascribed to either elongation of 
the MA or elongation of the entire cell. But a chromosome separation 
of 4 y or more (Figs. 15 and 16) may occur within one minute in the 
ameba MA. and can be ascribed directly to MA elongation. It appears 
that rapid elongation of the MA. is stimulated by relaxing medium either 
in vivo during the short period between addition of the solution and MA. 
isolation or during a short period after isolation when the soluble 
components have not diffused from the MA. and stabilization has not 
occurred. 
E. Summary 
The mitotic apparatus is both a structure and a region of the 
dividing cell that includes chromosomes, microtubules, unoriented pro­
tein, small vesicles and particles, and the solvent. The isolated MA. 
is similar to the structure of the MA fixed situ or viewed in the 
living state (Kudo, 1947); however, the gel structure has been stabilized 
so the MA.may be isolated as a discrete body, and some of the soluble 
components have undoubtedly been replaced by the defined medium. Thus, 
although the isolated MA. may be structurally complete, the soluble com­
ponents lost during isolation and the increased stabilization have 
prevented an i^ vitro reconstruction of normal MA. function with the 
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isolated, stabilized unit. However, a comparatively rapid but brief 
elongation may be induced during the procedure used to isolate mitotic 
apparatuses in a magnesium- and ATP-containing solution. 
The isolated mitotic apparatus is stable at pH 5.0-6.0 in most 
buffer solutions, at pH 6.0 in KCl solutions below 0.5 M, at pH 5.0-
6.8 in solutions containing 10 ^-0.4 CaCl2, and at pH 7.0 in 70-90% 
D2O solution. The MA.-Stabilizing effects of Ca and H are additive 
even though these two factors compete for some of the same binding 
sites on proteins. Dissolution of the MA in solutions containing 
chelating agents, under conditions that stabilize the MA if the 
chelating agent is not present, suggests involvement of divalent 
cations in the structure of the MA. Formation and dynamic maintenance 
of MA-microtubule structure can be hypothesized to occur by several 
factors that can stabilize the isolated MA. When the changes occuring 
in the dividing cell during MA formation are clarified, the effects of 
these changes on MA formation may be understandable in terms of the 
stability and solubility properties of MA microtubules. 
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III. THE MOLECULAR STRUCTURE AND FORMATION 
OF MICROTUBULES IN TEE MITOTIC APPARATUS 
A. Introduction 
o 
Microtubules have been defined as elements 120-270 A in diameter 
which are usually several microns long and have an electron-dense wall 
surrounding a less dense lumen (Slautterback, 1963; Ledbetter and Porter, 
1963). These authors have suggested that among the cell structures in­
cluded in this generalized term are filaments of the infraciliature and 
axopodia of protozoa, neurofilaments, cytoplasmic microtubules of both 
plants and animals, axial filaments of cilia and flagella, and the fila­
ments of the mitotic apparatus.' 
At present, few details of microtubule formation, function, or ultra-
structure are available to clarify the relationships between microtubules 
and the processes observed in portions of the cell containing these 
structures. The role of microtubules in cellular movements remains a 
matter of debate, but there is general agreement that microtubules can 
act to produce and maintain cellular asymmetries (Porter, 1966). This 
portion of the Study is an attempt to understand MA. formation and function 
in terms of the molecular structure and assembly processes of MA 
microtubules. 
1. Molecular subunits of the isolated mitotic apparatus 
The literature concerning the characteristics of the major MA protein 
components is quite discordant. Protein components reported have sedi­
mentation coefficients from 2.3 to 22 Svedbergs (S) and molecular weights 
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from 34,000 to 880,000. Some of these differences probably are due to 
the various isolation procedures used (Went, 1966). 
Thus, the ethanol-digitonin-isolated MA., when dissolved with 
salyrgan and dialyzed against pH 8.0 buffer, yields a particle with 
a molecular weight of 315,000 (Zimmerman, 1958). However, subsequent 
studies on proteins from MA isolated by more gentle techniques give 
different results. Mitotic apparatuses isolated in hexylene glycol yield 
one component with a sedimentation coefficient of 22S and a molecular 
weight of 880,000 when dissolved with 0.6 M KCL (Stephens, 1967). Treat­
ment of this component with 8 M urea yields a 5-6S particle of molecular 
weight 233,000; addition of 2% mercaptoethanol reduces its sedimentation 
rate to 2.7S with a molecular weight of 115,000. Thus, the 22S particle 
is thought to be eight 2.7S subunits, but only the 5-6S "dimers" can re­
form into 22s particles if the urea is dialyzed out; the reduced 2.7S 
subunits do not re-associate. 
Mitotic apparatuses isolated in dithiodipropenol and dissolved in 
0.53 M KCl at pH 8.5 yield three components with sedimentation coefficients 
of 21-22S, 13S and 3.5S (Sakai, 1966). Treatment of this solution with 
sulfite or dithiothreitol produces 2.5S particles, eliminates the 3.5S 
particles, decreases the 13S particles, and has no effect upon the 21-22S 
particles. The molecular weight of the 2.5S particles is found to be 
34,700, about one-half the molecular weight of the 3.5S particle; this 
suggests the latter is a dimer of two 2.5S particles. 
Miki-Noumura (1965) reported that hexylene-glycol-isolated mitotic 
apparatuses break down when sonicated in 0.5 M KCL plus 1 mM EDTA to fine 
filaments 40-50 A in diameter and 0.1 y long. This material dissolves 
in 20 mM NaOH to produce a broad peak sedimenting at about 2.3S. 
The points of agreement among studies of the hydrodynamic properties 
of MA molecular subunits are the observations that the smallest units 
obtained have sedimentation coefficients of 2.3 to 2.7S and the conclu­
sion that other particles isolated are aggregations of this basic unit 
that vary with the details of isolation and treatment. 
The amino-acid compositions of two different MA-protein preparations 
and two other proteins from microtubular systems are given in Table 2 
along with the composition of the hypothetical average protein of Smith 
(1966) for comparison. The composition of this protein corresponds to 
the mean amino-acid values of 80 different proteins and is useful for com­
paring deviations of actual proteins from this hypothetical average pro­
tein. Microtubule protein, especially that from the MA, is actually un­
usual only in that it is so nearly average. Only two or three amino-
acids vary more than ±1 standard deviation from the mean values, whereas 
the average real protein has six amino acids that vary more than ±1 
standard deviation (Smith, 1966). The sum of the dicarboxylic acids in 
each of these proteins is higher than in the average protein; ciliary 4S 
protein (Watson et al., 1964) has an unusually high dicarboxylic-acid 
content, whereas the MA protein analyzed by Roslansky (Mazia, 1955) is 
about 3% above the average protein dicarboxylic-acid content. No two of 
these proteins appear to be identical. The closest correlation is be­
tween MA 22S protein (Stephens, 1967) and infraciliature microtubule 
protein (Olpin, 1967); each has an unusually low serine content and high 
aspartic acid, glutamic acid, and lysine contents. Thus, one can conclude 
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Table 2. Comparative amino-acid composition of a hypothetical average 
protein, mitotic apparatus proteins, infraciliary microtubule 
protein, and ciliary protein in moles of amino acid per 1000 
moles of amino acids recovered 
Amino acid Average 
protein 











Aspartic acid 108 144^ 108 122 156^ 
Glutamic acid 103 125 124 139 211^ 
Leucine 86 86 144^ 113 102 
Alanine 82 51 77 89 132^ 
Glycine 73 58 88 46 36 
Serine 73 16^ 80 15^ 66 
Valine 69 91 74 61 56 
Lysine 64 78 57 100^ 38 





Threonine 56 41 61 33 44 
Isoleucine 47 63 45 59 
Arginine 43 46 60 40 31 
Phenylalanine 43 51 36 56 19^ 
Tyrosine 34 35 7^ 24 23 
Histidine 20 16 20 25 10 
Methionine 17 29^ 15 3^ 
Cystine 14 6 4 11 small 
Tryptophan 12 4 — small 
Total exceeding ±1 
standard deviation 0 3 2 2 6 
^Recalculated from Smith (1966). 
^Recalculated from Stephens (1967). 
^Recalculated from Mazia (1955). 
^From Olpin (1967). 
^From Watson e^ a2. (1964) . 
^Values that vary more than ±1 standard deviation from the average 
protein. 
52 
from studies of amino-acid compositions that the proteins of various 
microtubular systems are somewhat similar, especially in containing a 
higher than average number of dicarboxylic acids, but are not identical. 
2. Microtubule ultrastructure 
The molecular structure of microtubules is usually not revealed in 
fixed, embedded, and sectioned biological material; rather, smooth-
surfaced tubules are usually seen. The work of Pease (1963) on rat sperm 
and of André and Thiéry (1963) on human sperm demonstrated that greater 
ultrastructural detail of the axial filaments is revealed with the tech­
nique of negative staining developed by Brenner and Home (1959) for 
high resolution study of viruses. Partially disrupted sperm flagella 
fray into individual doublet or singlet tubules into which the negative-
staining reagent, phosphotungstate, penetrates, revealing a hollow-
appearing core surrounded by a cylindrical wall of about 10 longitudinally 
o 
oriented filaments. These protofilaments are 35 to 40 A in diameter and 
are composed of subunits repeating each 80 to 88 A along the protofilament 
Since MA microtubules were considered similar in some aspects to 
flagellar axial filaments, I\attempted to negatively stain the MA in a 
manner similar to the above studies to determine the molecular architec­
ture of its microtubules. The MA proved to be too large a structure for 
individual microtubules to be resolved when dried down from a suspension, 
so a technique was developed in which the microtubules were negatively 
stained after the MA was spread on the surface of a calcium-containing 
solution known to stabilize the MA (Goode, 1965). Mitotic apparatuses 
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prepared in this way showed that the MA-microtubule wall consists of'a 
number of fine, longitudinal protofilaments. 
While studying dividing newt cells burst on the surface of 2 niM 
CaCl2 at pH 5.2 to liberate and spread the chromosomes, Barnicot (1965) 
observed negatively stained "spindle fibres". They were also found to be 
tubular with a wall composed of longitudinal protofilaments about 35 A 
in diameter although the tubules are 25 to 27 mja in diameter compared to 
the 15-mii diameter of ameba MA microtubules. 
The ultrastructure of sea-urchin MA microtubules, which appear 
identical in thin section (Harris, 1952) to those from ameba (Roth and 
Daniels, 1962), was recently described by Kiefer et al. (1956). It was 
o 
described as a cylindrical array of 13 protofilaments about 33 A in di-
o 
ameter with a center to center spacing of 45 ± 5 A. 
3. Formation of the mitotic apparatus 
The division of the cell as a whole is a complex sequence of inter­
related processes. For purposes of this introduction, MA formation is 
sub-divided into seven processes that are dissociable from each other 
for experimental analysis. Each of the following processes directly or 
indirectly affects the formation or de-formation of the MA: chromosome 
replication, provision of energy requirements, duplication and separation 
of centers of orientation, synthesis of spindle material, chromosome con­
densation, assembly of the metaphase MA, and anaphase changes in MA 
structure. Although the first two of these processes are important 
prerequisites for MA formation, they are not directly involved in 
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formation of the achromatic apparatus and therefore will not be dis­
cussed further. 
a. Duplication and separation of centers of orientation Separa­
tion of centrioles, which are found in most animal cells and some lower 
plants, begins during the anaphase of the previous nuclear division accord­
ing to the pioneer work of Boveri (1900). The experiments of Mazia e^ al. 
(1960) with temporary mercaptoethanol blockage of mitosis indicate that 
the centers at opposite poles are functionally double; if duplication of 
centers is blocked, each is still able t'o separate into two functionally 
single poles. Gall (1961) demonstrated that centriole duplication in 
Viviparus occurs by growth of procentrioles that were previously formed 
near and at right angles to a parent centriole. Movement of the fully 
formed pairs of centrioles to opposite poles of the cell occurs during 
prophase and establishes the polar axis for MA formation. 
Kinetochores are also centers of polymerization for spindle fibers 
and appear to be the only such centers in higher plants and many protozoa 
including the giant ameba. The process by which kinetochores duplicate 
and establish chromosome polarity is unknoxm.. 
Centrioles and kinetochores are regarded as permanent and self-
reproducing structures (Went, 1956). The hypothesis of Lettré and 
Lettré (1959) also considers spindle fibers as permanent and self-
reproducing structures maintained during interphase. Although a number 
of observations are explained by this theory, more recent observations 
do not support it (see Section d). 
b. Synthesis of material from which the mitotic spindle will be 
formed Current evidence indicates synthesis of mitotic spindle 
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material does not occur during the period of spindle assembly. Since 
mitotic cells are capable of normal or above-normal levels of polypeptide 
synthesis with synthetic messenger added, the suppression of protein 
synthesis observed during mitosis is thought to result from the low 
amount of messenger KNÂ present (Johnson and Holland, 1965). Immuno­
chemical studies (Went and Mazia, 1959) indicate that the major protein of the 
mitotic apparatus is synthesized prior to the onset of cell division. 
Hangan e^ al. (1965) found that MA. isolated from eggs Incubated in H^-
leucine between fertilization and division contained a specific activity 
of label three times that of the rest of the cell; electron-microscope 
autoradiographs showed a close, non-random association between the 
silver grains and the MA microtubules. Cultured mammalian cells which 
incorporate para-fluorophenylalanine during the period of MA-protein 
synthesis 2-5 hours before mitosis show prolonged mitoses (Sisken and 
Wilkes, 1965). Subsequent metaphases are normal until a second peak of 
prolonged divisions by cells derived from the original abnormal cells 
is seen. This indicates MA. protein is conserved and re-used along with 
a certain amount of new protein that is synthesized prior to MA. forma­
tion. Thus, formation of the mitotic apparatus can be viewed as spatial 
re-arrangement of molecules pre-existing in the late Interphase cell. 
Although a "trigger" or signal for mitosis to begin has been sought, 
none has been found; MA formation may simply begin when required amounts 
of the four requisites, replication of DNA, duplication and separation 
of centers, synthesis of spindle material, and meeting of energy require­
ments, plus any other unknown requisites, are provided. 
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c. Chromosome condensation Chromosome coiling is discussed in 
detail by Swanson (1957); its mechanism does not directly effect other 
aspects of MA formation and function. Pertinent here are the observa­
tions that prophase-like condensations occur in isolated interphase 
nuclei by increase in ionic strength, decrease of pH, or the addition 
of divalent cations, protamines, or histones (Philpot and Stanier, 1957). 
Also, Bobbins and ^cali (1965) conclude that calcium is released from 
the cell periphery into the cell interior during mitosis, and they 
suggest this aids in chromosome condensation. At least two of these . 
factors (lowered pH and increased divalent cations) also increase MA-
microtubule stability as shown in Chapter II and induce polymerization 
of MA-protein subunits into fine, linear filaments (Stephens, 1967). 
d. Assembly of the metaphase mitotic-spindle The evidence pre­
viously discussed supports the concept that synthesis of MA protein sub-
units occurs before the onset of spindle microtubule assembly. During 
MA assembly this protein is assembled into growing microtubules under 
the influence, in most cases, of centrioles, kinetochores or both. Whether 
this process involves polymerization of subunits directly into MA micro­
tubules or polymerization into short elements which are then inserted is 
not known, so this process will be referred to here as assembly. In 
cells with centrioles, the asters and the central spindle are formed as 
the centrioles move apart; in living material viewed with polarizing 
optics, the centers are pushed apart by the growth of the connecting 
fibers at a constant rate averaging 1.43 y per minute (Taylor, 1959). 
Breakdown of the nuclear envelope is a common but not universal 
phenomenon usually occurring near the end of prophase. When breakdown 
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of the nuclear envelope is inhibited in cells where it normally occurs, 
no MA. forms, but chromosome condensation continues (Mazia, 1961). How­
ever, no morphological breakdown of the nuclear envelope is seen during 
micronuclear division of certain ciliates (Jenkins, 1964). 
Assembled spindle tubules are never observed before the nuclear 
envelope begins to break down in the two organisms whose fine structure 
during mitosis is most thoroughly characterized, the sea urchin egg 
(Harris, 1962, 1965) and the giant ameba (Roth and Daniels, 1962). The 
theory of permanent kinetochore-to-pole fibers (Lettre and Lettré, 1959) 
is not consistent with these observations. Nucleoli normally decrease in 
size and in many cases disappear before the nuclear envelope becomes 
discontinuous. Kudo (1947) stated that the peripheral granules (nucleoli) 
of 2" (C.. ) carolinensis nuclei provide the spindle material as they break 
down; neither electron microscope observations on P_' carolinensis (Roth 
and Daniels, 1962) nor autoradiography of labeled spindle precursors in 
other organisms (Mangan e^ al., 1965) support this view. Following the 
first visible break in the nuclear envelope, numerous, short spindle 
microtubules extending a short distance from the chromosomes are seen 
within the nucleus (Fig. 19). Assembly appears to occur from the chromo­
some attachment point or kinetochore outward, but the location of the 
growth point has not been determined. During assembly MA microtubules 
tend to become aligned approximately parallel to each other and perpendic­
ular to the chromosome plate. In centriolar mitotic apparatuses spindle 
fibers converge, mingle with the previously formed pole-to-pole tubules, 
and terminate near the centriole (Taylor, 1959) or on structures con­
nected with the centriole (Krishan and Buck, 1965). Spindle fiber 
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growth frozi the kinetochores and movement of the chromosomes by mechanisms 
comparable to those operating during anaphase appears to be the best-
supported hypothesis to explain the metakinetic movements of the chromo­
somes to the equatorial plate (Kazia, 1961). In higher plants 
kinetochores are the points by which the chromosomes are moved during 
metakinesis without microtubule interaction with centrioles (Bajer and 
Mole-Bajer, 1956). The same is probably true in the case of the giant 
ameba, which also has an acentric MA (Roth and Daniels, 1962). In these 
cases continuous tubules apparently form parallel to the spindle tubules 
but without contacting kinetochores, and centrioles are absent. 
The static-appearing state of the îîA. called metaphase is established 
when kinetochores are aligned in a single plane midway between the*poles. 
However, these Mitotic apparatuses are far from being static. The ob­
servations of Inouê (1964) support the concept that the oriented, fibrous 
material of the MA is in an active, temperature-sensitive equilibrium with 
unoriented material during metaphase as well as anaphase. As discussed 
in Chapter II, many experimental conditions alter the amount of oriented 
material in the MA. 
In some organisms the MA is fully formed by metaphase, but in other 
organisms, such as the giant ameba, formation continues during anaphase 
movement. 
e. Anaphase movement Tfeen daughter chromosomes separate, there 
is a quick "repulsion" for a short distance (Goode, unpublished, time-
lapse-film observations on grasshopper neuroblasts); further chromosome 
movement usually occurs at a rate of 0.5-4 U per min (Mazia, 1961). In 
some cases shortening of the chromosome-to-pole distance is the predominant 
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movement, in other cases elongation of the entire MA predominates, and 
in still other cases the two are nearly equal. In the second and third 
cases MA formation continues during anaphase with the apparent addition 
of more unoriented material into oriented MA microtubules. For example, 
the microtubules of the giant-ameba MA, which is.characterized by extreme 
spindle elongation, are surrounded by a region of fine material during 
metaphase, but by the completion of anaphase elongation, the amount of 
this adhering fine material is'much less (Roth and Daniels, 1962). 
Taylor (1959) finds that spindle elongation of newt cells occurs at the 
same rate (1.5 ]i per minute) as prophase centriole separation, and he 
equates the mechanisms of the two processes. Thus, one can equate the 
formation of MA microtubules with their function (Roth, 1964b). 
4. Experimental manipulation of microtubule assembly 
Disappearance of the mitotic spindle at low temperature was described 
by Hertwig (1898) in his study of the effects of low temperature on devel­
opment. Using this method of manipulating MA formation, Inoue (1952a) 
found that spindle birefringence is abolished below 5°C. Upon return to 
a higher temperature, the MA reforms to produce a birefringence value 
characteristic of the particular temperature. Roth (1964a) demonstrated 
that MA microtubules are degraded at low temperatures and studied the 
effects of various compounds on re-formation of MA-microtubule fine struc­
ture when the cell was warmed. In the experiment to be described, the 
rate of microtubule assembly was studied by isolation of the MA during 
experimental re-formation of the ameba MA. 
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In addition to low temperature, other physical conditions which tend 
to disorient the MA are high hydrostatic pressure (Pease, 1941; Marsland 
et al., 1963), ultra-violet irradiation (Brown and Zirkle, 1963; Forer, 
1965), and weightlessness or some other condition of space flight (Delone 
et al., 1964). The effects of low temperature and high hydrostatic 
pressure on MA birefringence are counteracted by the presence of heavy 
water (Carolan et àl.. 1965; Marsland et al., 1963). 
B. Methods 
1. Negative contrasting of microtubules 
Dividing giant amebae were obtained as described previously and 
bisected with a glass needle. One half-cell was opened in standard 
medium or 0.02 M CaClg in order to determine the stage of the MA. If 
metaphase or anaphase mitotic apparatuses were observed, the remaining 
half-cell was raised to the convex-meniscus surface of a small container 
filled with 2 M CaCl2 at pH 6.8 or 5 M phosphate at pH 5.6 and punctured 
with glass needles. The thin layer of cellular contents that spread on 
the surface of the solution was picked up on a Formvar- and carbon-
filmed, copper grid and negatively contrasted as described by Parsons 
(1963). Grids were floated specimen side down on 2% sodium phosphotung-
state at pH 5.8 or on 2% uranyl acetate at pH 4.8 for 30 seconds, picked 
off the surface, touched to filter paper to remove excess stain, allowed 
to air dry, and immediately examined in an electron microscope. Some 
specimens were fixed before staining with phosphate-buffered glutaraldehyde 
(pH 7.0) or vapors from 2% OsOi*. For a comparison of the techniques and 
dimension measurements with previous studies of fibrous protein systems. 
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sealed ampules of frozen bull sperm in citrate-buffer solution (obtained 
from Consolidated Breeders Cooperative, Des Moines, Iowa) were thawed, 
the suspension was repeatedly passed through a fine hypodermic needle 
to fray the sperm tips (see Pease, 1963), and flagellar fibrils were 
negatively contrasted with the same phosphotungstate solution. Tobacco-
mosaic-virus rods were also negatively stained as a control. 
2. Mitotic apparatus formation 
a. Normal formation as studied by isolated stages The mitotic 
stage of the synchronous, multiple nuclei of the giant ameba can be 
inferred from the external morphology (Kudo, 1947). Amebae were thus 
selected in each stage of mitosis, and nuclei or MA, were stabilized and 
isolated in calcium-containing or low-pH solutions for observation and 
photographing with a phase contrast microscope. 
b. Experimental manipulation of microtubule assembly A group 
of giant amebae which appeared to be in metaphase or anaphase was selected 
from culture dishes, placed in a small vial of distilled water at room-
temperature, and immediately placed in an ice-water bath. A temperature 
of 4°C is soon reached; at that temperature the MA-microtubules are known 
to become disassembled (Roth, 1964a). After 5-15 minutes of cold 
treatment, the vial was placed in a room-temperature water bath. Within 
2 minutes the temperature within the vial was 18 to 20°C. Organisms 
were removed at 1-minute intervals, and reforming MA were isolated and 
observed as previously described. Thus, the rate of the final steps of 
MA assembly can be determined., 
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In order to determine if the low-temperature effects on the isolated 
MA were similar to the in vivo effects, MA were isolated in 50 mM phos­
phate at pH 5.6 and placed in the specimen position of a phase microscope 
equipped with a Leitz heating-cooling stage. The reading of the stage 
thermometer was calibrated to the specimen temperature with a small Veco 
thermistor placed in a drop of immersion oil on a specimen slide. The 
temperature was lowered to 2°C by running ice water-ethanol through the 
stage, and the effect on the isolated MA was observed. 
C. Results 
1. Microtubule ultrastructure 
After many attempts to observe microtubule ultrastructure with other 
techniques failed, negatively contrasted MA microtubules were obtained 
with the technique of spreading the MA on the interphase between 20 mM 
CaCl2 solution at pH 6.8 and air, picking up the spread film on a formvar-
carbon film, and staining it with phosphotungstate at pH 5.8. Adequate 
resolution of individual microtubules is achieved only in the best pre­
served preparations where pho spho tungs tate is just thick enough to 
support the structure but not thick enough to obscure the detail. 
Negatively contrasted MA microtubules are seen isolated or in con­
tact with dark objects approximately the size and appearance of _C. 
carolinensis chromosomes (Fig. 21) whose alignment may be similar to a 
chromosome plate that has been subjected to shearing forces between a 
slide and coverslip (Fig. 8) or to surface spreading on stabilizing 
medium (Fig. 20). One to four (two is average) microtubules emerge 





Prometaphase. Spindle tubules (T) extend about half the 
distance from the chromosomes (C) to the nuclear envelope 
(E), in which a few discontinuities can be seen. From Roth 
and Daniels (1962). Electron micrograph. X 6400. 
Very late anaphase half-spindle spread on the surface of 
10 mM CaCl2. Phase-contrast micrograph. X 2800. 
Chromosomes (C), spindle tubules (T), and membranous material 
(M) from a metaphase mitotic apparatus spread on the surface 
of 20 mM CaCl2 at pH 6.8 and negatively contrasted with 2% 
sodium phosphotungstate. Electron micrograph. X 71,000. 
More highly magnified MA microtubule from the same preparation 
as Fig. 21. Conditions of preservation and "staining" do not 
emphasize longitudinal structure. X 200,000. 
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have been in metaphase when spread. Some negatively contrasted micro­
tubules which apparently are not optimally preserved (Fig. 22) have a 
coarsely granular ultrastructure with some tungstate penetration into 
a central core and appear to be less rigid than those in other prepara­
tions. A single, more rigid microtubule extending from a densely 
strained, finely fibrous mass that appears to be a single chromosome 
is seen in Fig. 23. This chromosome-to-pole tubule from an anaphase 
organism is composed of a number of fine, longitudinal protofilaments 
and shows no differentiations on either end. At higher magnification 
and under suitable conditions of negative contrasting, five or, at 
most, six protofilaments with an apparent diameter (the region of stain 
o o 
exclusion) of 30 A and a center-to-center spacing of 35 to 40 A are 
seen (Fig. 24). ^ The central protofilaments are seen more clearly than 
those at the periphery in two-dimensional micrographs of such longi­
tudinal views of microtubules. In some regions of the tubule, the 
protofilaments can be seen to consist of a linear sequence of subunits 
o 
30 to 35 A in diameter with the subunits of adjacent protofilaments 
apparently bonded in register to form a nearly square lattice. However, 
o 
a distinct repeat period, such as the transverse banding of about 90 A 
seen in bull-sperm flagellum negatively contrasted in the same manner 
(Fig. 26), is not seen across all the protofilaments. All the MA 
microtubules observed here an apparent diameter of 15 to 18 my. 
No special pretreatment is necessary to preserve axial tubules of 
mechanically frayed, bull-sperm flagella for negative contrasting (Figs. 
25 and 26). When doublet tubules separate near their tips during mechani­
cal agitation, each tubule is 28 mu in diameter and has five or six 
Figs. 23-24. Micrographs of the same MA microtubule from an anaphase 
ameba. Spread on 20 mH CaCl2 ac pH 6.8 and negatively 
contrasted with 2% sodium phosphotungstate at pU 5.8. 
Electron micrographs. 
Fig. 23. Single MÂ. microtubule and anaphase chromosome. X 50,000. 
Fig. 24. Higher magnifications of a negatively contrasted microtubule. 
a. Positive print. X 150,000. 
b. Negative print showing microtubule structures as dark 
images. Protofilaments are seen which appear to be a 
linear sequence of 30-35-X diameter particles (arrows) 
that exclude the phosphotungstate. X 220,000. 
Figs. 23-24. Micrographs of the same MA microtubule from an anaphase 
ameba. Spread on 20 mM CaCl2 at pH 6.8 and negatively 
contrasted with 2% sodium phosphotungstate at pH 5.8. 
Electron micrographs. 
Fig. 23. Single MA microtubule and anaphase chromosome. X 50,000. 
Fig. 24. Higher magnifications of a negatively contrasted microtubule, 
a. Positive print. X 150,000. 
b. Negative print showing microtubule structures as dark 
images. Protofilaments are seen which appear to be a 
linear sequence of 30-35-2 diameter particles (arrows) 
that exclude the phosphotungstate. X 220,000. 

Fig. 25. Axial fibrils of mechanically frayed bull-sperm flagellum 
negatively contrasted with 2% sodium phosphotungstate at 
pH 5.8. Electron micrograph. X 45,000. 
Fig. 26. Separated subfibrils from same preparation as Fig. 25. Five 
linear protofilaments are visible in each subfibril. X 
180,000. 
Fig. 27. Fusiform filaments 0.5 y long and about 20 my in diameter 
from a dividing ameba spread on pH 6.0 phosphate buffer, 
fixed with 2% glutaradehyde, rinsed in buffer, and negatively 
contrasted with sodium phosphotungstate. X 50,400. 
o 
Fig. 28. A preparation similar to Fig. 27. 60'-A diameter filaments 





visible protofilaments 45 A in diameter and 60 A center-to-center. A 90 
o 
A transverse-banding repeat period is seen along the protofilaments. 
Structurally normal, although possibly slightly shorter, flagellar 
tubules are retained when frayed tubules are treated with 0.5 M KCl, 1% 
Versene, 10 ^ M mersalyl, or 50 mM NaOH-phosphate at pH 10 before obser­
vation with the negative-contrast technique. 
No other microtubules except those in the mitotic spindle have been 
found in amebae. However, fusiform filaments, 0.5 y in length and 20 mpi 
in maximum diameter, are found in both dividing and interphase amebae 
spread on either 50 mM phosphate buffer at pH 6.0 or 20 mM CaCl2 at pH 
6.8 (Figs. 27 and 28). They appear to be lateral aggregations of thin 
o 
filaments, 60 A in diameter and 0.5 y long, that also occur singly in the 
same preparations. 
2. Mitotic apparatus formation 
a. Normal formation as studied by isolated stages The first 
visible change in the nucleus before MA formation is a rounding of the 
oblate-spheroid, interphase nucleus so that it appears circular in all 
views (Fig. 29). During this process the peripheral granules (nucleoli) 
begin to leave the nuclear envelope and occupy more central locations 
(Fig. 30). As the nucleoli decrease in size, the chromatin condenses into 
a granular disc across the center of the nucleus. During early prometa­
phase (Fig. 31) the spindle fibers extend a short distance from the chromo­
somes toward the nuclear envelope which appears continuous at this stage. 
Most, but not all, of the nucleoli have broken down at this stage. At a 
slightly later stage discontinuities in the nuclear envelope are large 
Figs. 29 -38. The stages of mitotic apparatus formation and disassembly 
illustrated by isolated nuclei and mitotic apparatuses 
from the giant améba. Phase-contrast micrographs. 
Fig. 29. Late interphase-early prophase. Numerous peripheral nucleoli 
are visable. Phosphate solution, pH 5.6. X 1320. 
Fig. 30. Prophase. Larger granules located around central region of 
finely granular material. 50% glycerol, pH 6.2. X 1600. 
Fig. 31. Prometaphase. Partially formed spindle fibers extend about 
two-thirds of the distance from the chromosome plate to the 
nuclear envelope. Phosphate solution, pH 5.6. X 1320. 
Fig. 32. Prometaphase. The mitotic apparatus is nearly fully formed, 
and discontinuities are visible in the nuclear envelope. 
Phosphate solution, pH 5.6. X 1600. 
Fig. 33. Metaphase. 20 mM CaClg. X 2500. 
Fig. 34. Early anaphase. The chromosome separation is 1.5 y. 20 mM 
CaCl . X 3200. 
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enough to be visible with phase microscopy (Fig. 32), and individual 
chromosomes can be detected. A few, small nucleoli remain near the ends 
of the fibers; these granules are accentuated by isolation in calcium-
containing media, as are the chromosomes. When the nuclear envelope 
becomes completely discontinuous, the metaphase MA, which was described 
in Chapter 2, is formed (Fig. 33). In addition to the process just 
described, MA formation continues during anaphase (Figs. 34 and 35) as 
the fibers extending through the interzone elongate, and the two chromo­
some plates separate while remaining parallel. The MA elongates to a 
length of 40-50 y, whereas the chromosome-to-pole fibers remain 5-y long. 
During the later stages of anaphase, the poleward fibers tend to converge, 
whereas the fibers in the interzone remain parallel (Fig. 36). At the 
end of anaphase, the fibers seen in the interzone appear to become fewer, 
detach from the distal portions of the MA, and leave two early telophase 
nuclei, one of which is seen in Fig. 37. The nuclear envelope forms 
around the chromosomes and excludes the chromosome-to-pole fibers, which 
break down. A small, oval, telophase nucleus is formed (Fig. 38) which 
attains the interphase organization by chromosome decondensation, nucleolar 
reformation, and a great increase in nuclear volume. 
b. Experimental manipulation of microtubule assembly When divid­
ing giant amebae are placed in H2O at 2-5° C for 5-15 minutes and then 
warmed to 1S-20°C in 1-2 minutes, no MA are isolated within the first 3 
minutes. However, a disc or ring of chromosomes occasionally is seen. 
Organisms re-warmed for 3 or 4 minutes yield chromosome discs with a few 
short fibers extending from them in random directions, but after 5 minutes, 







Middle anaphase. The chromosome separation is about 8 y. 
10 mM CaClz plus 20 mM phosphate, pH 5.6. X 2060. 
Late anaphase. The chromosome separation is about 20 p and 
spindle fibers converge in the poleward zone. Mg-ATP relaxing 
medium. X 1850. 
Early telophase chromosome plate with poleward spindle 
fibers. 20 mM CaCl2, pH 6.8. X 2000. 
Mid-telophase nucleus. Phosphate solution, pH 5.6. X 2200. 
Experimental re-assembly of a metaphase mitotic apparatus. 
Cooled to 4°C for 9 minutes, rewarmed for 5 minutes in dis­
tilled water, and isolated in 1 mM CaCl2 plus 10 mM phosphate, 
pH 5.8. Distance from chromosome plate to end of fibers is 
3.2-3.6 y. X 1850. 
Experimental re-assembly of a metaphase mitotic apparatus. 
Cooled to 4°C for 15 minutes, rewarmed for 9 minutes in dis­
tilled water, and isolated in 1 mM CaCl2 plus 10 mM phosphate, 
pH 5.8. Distance from chromosome plate to end of fibers is 
5-6 u. X 1850. 
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fibers are an intermediate length and are mostly parallel. The fibers 
are full length (5 p) after having been out of the cold for 7-9 minutes; 
at that time normal-sized but often somewhat distorted-appearing MA can 
be isolated (Fig. 40). Measurement of spindle fiber lengths of mitotic 
apparatuses isolated at 1-minute intervals shows that spindle fiber 
assembly begins at about 3 minutes after warming and that fiber lengths 
increase at a quite constant rate averaging 1.5 p per minute at 18-20°C 
(Fig. 41). 
D. Discussion 
1. Microtubule ultras trueture 
The observation of a 15-18-my-diameter structure showing five or, 
at most, six protofilaments can best be interpreted as a tubule with a 
wall composed of about 10 or 11 protofilaments. Only half of the proto-
filaments composing a tubule wall will be seen if the image is formed by 
electrons passing through a tubule oriented perpendicular to the beam 
axis, and if the regions of phosphotungstate exclusion by protofilaments 
on the upper and lower portions of the tubule are superimposed (arrow. 
Fig. 42b). Gall (1965) suggests an alternate explanation; only one sur­
face of the microtubule might be strongly contrasted by the phosphotung-
state. The tubular nature is also indicated by the clearness of the 
central-protofilament images compared with the poorly defined, overlapping 
images of the protofilaments toward the periphery of the microtubule 
image; The diameter of these microtubules when fixed and sectioned is 
15 mn, so I interpret the diameter variation from 15-18 mu as a result 
of differing degrees of tubule flattening during drying. Thus, the 
1 
Fig. 41. The average distance from the chromosomes to the ends of 
mitotic apparatuses cooled vivo to 2-5°C and isolated 
at one-minute intervals after returning amebae to a room-
temperature water bath. The temperature after two minutes 
is 18-20°C. The slope of the straight-line portion of the 
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Fig. 42. Diagramatic representations of possible subunit arrangements 
in MA microtubules of the giant ameba. Drawn to the scale 
1 mm = 4 A or X 2,5g0,000. Subunits are drawn 30 2 in 
diameter and 34-36 A center to center. 
a. Cross section of a microtubule 15 mp in diameter and 47 my 
in circumference containing 10 subunits on a circle of 
centers 36 my in circumference. 
b. Cross section of a microtubule flattened, as often occurs 
during negative contrasting. Images of upper and lower 
protofilaments may or may not be superimposed. The cir­
cumference again is 47 my, the major axis is 18 my, and 
the minor axis is 11 my. 
c. Longitudinal view of a microtubule segment with subunits 
in a stacked disc arrangement. 
d. Longitudinal view of a microtubule segment with subunits 
arranged in a single helix of 10 subunits per turn with 
a pitch of 35 A. A reactive site of radius,r* and the 
geometry utilized in formulating Equations' 2 and 5 of 
subunit diffusion to this site are designated. 
Fig. 42, Diagramacic representations of possible subunit arrangements 
in MA microtubules of the giant ameba. Drawn to the scale 
1 mm m 4 A or X 2,5§0,000. Subunits are drawn 30 X in 
diameter and 34-36 A center to center. 
a. Cross section of a microtubule 15 mp in diameter and 47 m]j 
in circumference containing 10 subunits on a circle of 
centers 36 my in circumference. 
b. Cross section of a microtubule flattened, as often occurs 
during negative contrasting. Images of upper and lower 
protofilaments may or may not be superimposed. The cir­
cumference again is 47 my, the major axis is 18 my, and 
the minor axis is 11 my. 
c. Longitudinal view of a microtubule segment with subunits 
in a stacked disc arrangement. 
d. Longitudinal view of a microtubule segment with subunits 
arranged in a single helix of 10 subunits per turn with 
a pitch of 35 A. A reactive site of radius r' and the 
geometry utilized in formulating Equations 2 and 5 of 






circular cross-section of the normally 15-my microtubule could become 
an elipse having the same circumference but with a major axis of 18 my 
o 
and a minor axis of about 11 my (Fig. 42b). If 30-A protofilaments 
o 
are regularly spaced 35 A center-to-center within the wall of a 47-my-
circumference tubule (15 my-diameter), exactly 10 protofilaments will 
fit (Fig. 42a); if the tubule diameter is 16 my, then space limitations 
will allow 11 protofilaments, at most. 
Plant cytoplasmic microtubules in cross section (Ledbetter and 
Porter, 1963) and negatively contrasted microtubules from the marginal 
band of amphibian erythrocytes (Gall, 1965) are 24-27 my in diameter 
and apparently "are composed of 13 -longitudinal protofilaments spaced 50 
o 
A center-to-center. Likewise, Barnicot (1966) found that MA micro­
tubules from newt heart cells are 25-27 my in diameter and are composed 
o 
of longitudinal protofilaments spaced 50 A center-to-center. He states 
that the number of protofilaments in the tubule wall is likely to be 
o 
in the range 9-12. My calculations indicate that 13 50-A protofila-
o o 
ments spaced 50 A center-to-center would make 25-27-A-diameter tubule 
as is observed in cytoplasmic microtubules (Ledbetter and Porter, 1964). 
Kiefer e^ al. (1966) present results on the structure of microtubules 
from the sea-urchin MA that are similar to the results reported previously 
(Goode, 1965) on ameba MA microtubules. Sea-urchin MA microtubules are 
o 
composed of linear arrays of globular units about 33 A in diameter and 
o 
45 A center-to-center and form a tubule that, likewise, appears 18 my 
across when spread and negatively contrasted or 15-16 my in diameter when 
embedded and sectioned (Harris, 1962). Referring to the results of 
Ledbetter and Porter (1964), Kiefer e^ al. (1966) state that the number 
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of protofilaments in these microtubules is 13. However, 13 protofilaments 
o ' o 
35-45 A in diameter and spaced 45 A center-to-center would lie on a 
o 
circle of centers 186 A in diameter and form a tubule with an outer diam-
o 
eter of 221-231 A; the wall of a 15-18 my microtubule can contain, at 
o 
most, 10 protofilaments spaced 45 A center-to-csnter. 
All microtubules are not necessarily composed of 13 protofilaments. 
For example, rotatory image enhancement of cross-sectioned, cytoplasmic 
microtubules from lung-fluke sperm indicates the wall is composed of 
o 
eight or nine large (65-A diameter) subunits composing a tubule about 
24 my in diameter (Burton, 1966). Although it may be too early to make 
comparative generalizations, the number of protofilaments forming the 
walls of microtubules studied to date varies from eight to thirteen; the 
higher number are present in the large microtubules of vertebrates and 
higher plants, whereas eight to eleven are found in microtubules of lung 
flukes and ameba. On a level of filament organization similar to micro-
0 
tubules, bacterial flagella are composed of 30-40-A subunits arranged in 
five parallel strands or three helical strands (Kerridge e^ al., 1962). 
The observation that the subunits in ameba MA microtubules form a 
square or nearly square lattice rules out a hexagonal packing of subunits 
in the microtubule wall as observed in bacterial flagella (Kerridge e;t al., 
1962), and the fact that the longitudinal protofilaments are exactly 
parallel with the tubule axis rules out any other helical model in which 
the number of subunits per turn is not an integer. The rise per subunit 
o o 
of a simple helix of 10 35-A subunits per turn would be only 3.5 A or 
an angle of 6° from perpendicular between subunits located centrally as 
viewed; both of these values are barely detectable with the electron 
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o 
microscope used, but spacings given by a double helix of 7-A rise per 
subunit and 12° angle are definitely not seen. Thus, the arrangement 
of molecular subunits in ameba MA microtubules is proposed to corre­
spond to one of the following models : (i) a single helix of 10 or 11 
o • o 
35-A subunits per turn with a pitch of 35-40 A (Fig. 42d), or (ii) a 
"stacked disc" arrangement of 10 or 11 subunits stacked in closed rings 
o 
about 15 mu in diameter and 35-40 A thick (Fig. 42c). Available data do 
not allow a choice between these two alternatives. Both forms exist in 
polymerized protein rods of this diameter; tobacco-mosaic-virus protein 
subunits polymerize into a helix with 16 1/3 subunits per turn in the 
presence of RNA or into a stacked disc arrangement of 16 subunits in the 
absence of RNA (Caspar, 1963). The presence of a slight pitch in nega­
tively stained, flagellar tubules (Pease, 1963) and lung-fluke micro­
tubules (Burton, 1966) supports a single helix model in those cases. 
Although the molecular subunit of the microtubule wall appears to 
o 
be a globular unit 30 A in diameter, the actual diameter is probably 
slightly larger. Using tobacco mosaic virus, which has a diameter of 
o 
150 A determined by X-ray diffraction, I find that the average apparent 
diameter was reduced about 10-15% when negatively contrasted with 
phosphotungstate; presumably a similar slight diameter reduction occurs 
with other small, curved-surface structures such as globular microtubule 
subunits. Thus, the actual diameter of subunits probably corresponds 
o 
more closely to the center-to-center spacing of 35-40 A. Using these 
values, one can estimate the molecular weight (M) from the relation­
ship ; 
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M = NVp (1) 
where: 
N = Number of particles per mole, 6.02 x 10^^ 
V = Volume per particle 
p = Mass per unit volume. 
Assuming that the subunits are spheres with V = Trd^/6, d = 3.5 or 4 x 
— 7  —3 10 cm, and P = 1.35 g cm , the inverse of the partial specific volume 
of 0.74 cm^ g ^ found for the 22S MA. protein and its subunits (Stephens, 
1967), I calculate that the molecular weight would be approximately 
18,000 g mole ^ for a 35-A-diameter particle and 27,000 g mole ^ for a 
40-A-diameter particle. These values may be compared with molecular-
weight values from sedimentation data of 27,000 and 34,000 assigned to 
subunits believed derived from infraciliary microtubules (Olpin, 1967) 
and from sea urchin MA microtubules (Sakai, 1966), respectively. 
Fine filaments about the diameter of microtubule protofilaments 
o 
have been found in some studies of the isolated MA. The 40-60-A filaments 
which have been isolated from sea-urchin MA following dispersion with 0.5 
M KCl (Miki-Noumura, 1965) or obtained by treating isolated 22S MA protein 
with 1 mM MgClz at pH 5.0 (Stephens, 1967) may be intermediates in micro­
tubule breakdown or formation, but there is no evidence that they corres­
pond to protofilaments. However, similar, finely filamentous elements 
often found in regions of forming microtubules (Roth, 1964b) may be 
potential elements of microtubule walls. 
The short fusiform filament bundles obtained from ameba (Figs. 27 
and 28) are probably not related to MA microtubules since the thin 
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filaments composing them are thicker (60 A) than protofilaments. They 
seem identical to the filaments that have been related to ameboid move­
ment (Wolpert, Thompson, and O'Neill, 1964; Nachmias, 1964; and Komnick 
and Wohlfarth-Botterman, 1965) and to pinocytosis (Nachmias, 1964) and 
that are seen in sections of amebae after special fixation or treatment. 
2. Formation of the mitotic apparatus 
Several factors, such as active movement and the presence of many 
refractile crystals in the cytoplasm, make vivo observation of the 
giant-ameba MA. very difficult; thus, isolation of MA at each stage of 
the cell cycle is utilized to study spindle formation. Similarly, Dan 
and Nakajima (1956) have studied formation of the astral-type, sea-
urchin MA by using the isolation procedure of Mazia and Dan (1952). Un­
like the case of the sea urchin, MA assembly in the giant ameba begins 
within the discontinuous nuclear envelope rather than in the cytoplasm. 
Although the nuclear envelope appears to be continuous during early 
prometaphase when some spindle fibers are visible, small discontinuities 
in the nuclear envelope have always been seen in electron micrographs of 
such early stages (e.g. Fig. 19); only later are the discontinuities 
large enough to be seen by light microscopy (Fig. 32). The MA isolated 
at any stage from early prometaphase to late anaphase remains one unit ; 
thus, some connections between chromosomes and chromosome-to-pole fibers 
and between chromosome-to-pole fibers and continuous fibers appear to be 
continuously present during these stages. Definite structural connections 
of the second type are not seen in electron micrographs; a slight 
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gelation of the region containing both types of fibers may be all that 
holds them together. 
After a group of dividing amebae are cooled to 2°C to disassemble 
their mitotic apparatuses, MA. re-assembly occurs synchronously, and the 
final stage(s) of MA assembly that occurs following low-temperature 
treatment is experimentally dissociated from other processes involved in 
MA formation. The morphology of the re-forming MA is very similar to 
the prometaphase stages isolated from the giant ameba, with the exception 
that re-forming metaphase MA are not surrounded by a nearly complete 
nuclear envelope like that present during prometaphase. 
The rate of normal spindle-fiber formation in the giant ameba is 
not known; normal formation may be limited by reactions that are slower 
than the assembly process occuring in re-warmed giant amebae. However, 
the rate of spindle-fiber re-formation after cold treatment (about 1.5 y 
per minute) is similar to the rate of normal formation in some other 
organisms (Taylor, 1959). 
With the information available on the molecular architecture and 
the rate of assembly of MA microtubules of the giant ameba, more precise 
hypotheses of MA assembly can be formed in terms of molecular events. 
Ameba MA microtubules are a helix or stacked-disc arrangement of spherical 
o 
subunits spaced 40 A center-to-center with probably 10 subunits per turn 
or layer. Thus, a 5-y, chromosome-to-pole tubule contains about 1250 
turns or flayers and about 12,500 subunit molecules. Since assembly 
appears to lengthen the microtubules at the rate of about 1.5 y per 
minute, this is an assembly rate of 375 turns per minute, 3,750 subunit 
molecules per minute, or 62 molecules per second. Such a rate is 
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relatively slow compared to most chemical reactions but is about 20 
times faster than the rate of assembly of T2 bacteriophage from protein 
subunits of similar size (Pollard, 1963). 
The easiest model of MA formation to comprehend is single-subunit 
growth in a helix from the free end of each microtubule. Some alterna­
tives are subunit insertion at the kinetochore [suggested by the ultra­
violet microbeam studies of Forer (1965)], insertion of larger units 
o 
containing a number of 35-40-A subunits, such as the 22S protein of 
Kane (1967), or multiple-point growth by single subunit insertion or 
subunit-chain insertion at many points along the microtubule. The con­
stant rate of growth of spindle fibers seems to support a single-point 
assembly from one end or the other; one would assume that multiple-point 
growth would tend to accelerate as the microtubule grew longer and more 
insertion points became available, if the concentration was sufficiently 
in excess that it would remain nearly constant during formation. The sea 
urchin egg contains an excess of 10 times the amount of MA. protein 
present in the first MA (Mazia, 1961; Kane, 1967), but in more typical 
cells where MA protein must be synthesized between each division, the 
concentration is presumably smaller (Went, 1960). Lowering of the con­
centration of free protein might counterbalance the presence of more 
assembly sites in the multiple growth-point model, or perhaps one could 
hypothesize a dynamic equilibrium in which the rate of incorporation al­
ways exceeds the rate of loss by the constant number of molecules per 
second per microtubule. The kinetics are much less complex to analyze, 
however, in the case where incorporation equals loss except at one growth 
point, such as the free end. 
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Since the rate of MA microtubule assembly is considerably faster 
than bacteriophage assembly which can be accounted for by simple diffu­
sion to one binding site (Pollard, 1963), it is important to know if 
the collision kinetics of simple diffusion to one point can account for 
microtubule growth or if a more complex mode of assembly must be involved. 
The concentration of reactant required to produce the observed growth can 
be calculated from the integrated form of the equation for the rate of 
diffusion (Setlow and Pollard, 1962). We assume that diffusion to a 
small site on the surface of a larger structure can only come from one 
side of the structure (Fig. 42d) and can use the equation 
^ = 27rr^D^ (2) 
where: 
9 = number of molecules per second crossing a half-sphere of 
radius r 
27ir^ = surface area of a half-sphere of radius r 
D = diffusion constant of free subunit molecules 
c = concentration at r. 
Rearranging Equation 2 and integrating dr/r^ from the radius of the re­
active site, r', to infinity and dc from 0 to c^, the concentration far 
from r', 
c. Ç J dr/r^ = 2irD j o dc (3) 
r' o 
yields an equation for the rate of diffusion <{) to an active site of 
radius r' if the overall concentration is c : 
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(j) = 2TrDr'c^. (4) 
The validity of Equation 4 depends on the assumptions that c at r' equals 
0 and that the number of molecules is high enough for c^ to have meaning 
The first assumption is fulfilled if a new reactive site is immediately 
formed when a subunit occupies the old reactive site, as the model in 
Fig. 42d illustrates. In this model a new reactive site is formed for 
subunit n+1 when subunit n forms bonds to both subunit n-1 in the same 
disc or helix turn and subunit n-10 in the same protofilament. Thus, when 
a subunit enters the sphere defined by r', the reactive site is occupied 
until rotational movement orients the subunit so that the necessary bonds 
can form. Multiplying the right half of Equation 3 by an efficiency 
factor g, which under these conditions can be calculated to be about 1/2^ 
from the molecular rotation while diffusing a distance r' (Setlow and 
Pollard, 1962), will account for this time during which a subunit is in 
the reactive site but has not undergone the necessary bonding to form a 
new reactive site. With the addition of the efficiency factor. Equation 
3 can be re-arranged to obtain 
c^ = (j)/2irr'Dg. (5) 
Using (j) = 62 molecules per second, the calculated rate of microtubule 
elongation; r' = 2 x 10"^ cm, the radius of the location of one subunit 
in the microtubule; g = 1/271, the efficiency factor; and D = 2.7 x 10"^ 
O O 
cm'^ per second, the diffusion coefficient for a 40-A particle in ameba 
cytoplasm at 20°C [calculated from 
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where R = universal gas constant, T = absolute temperature, N = Avogadro's 
number, n = the microscopic viscosity, 0.04 poise, of ameba cytoplasm 
(Heilbrunn, 1929), and r = the radius, 2 x 10~^ cm, of the particles], 
one can calculate a required concentration c^ of approximately 1.2 x 
10^^ molecules per cm^. Thus, the minimum concentration at which 
polymerization could occur at the observed rate of 1.5 y per minute by 
diffusion to a single point on each microtubule is 1.2 x 10^^ molecules 
per cm^. One can calculate that this value equals about 7.5 x 10® mol­
ecules per ameba since a dividing giant ameba is closely approximated by 
a sphere 0.5 mm in diameter. 
The number of subunit molecules in mitotic apparatuses per ameba can 
be calculated by multiplying the previously calculated number of molecules 
per S-ji microtubule (12,500), times the number of microtubules per half-
spindle (counting the number of circular microtubule profiles in a micro­
graph by Dr. R. A. Jenkins of a cross-section of one half-spindle gives a 
value of approximately 3,000), times two half-spindles per MA, times 100 
mitotic apparatuses per ameba; a value of 7.5 x 10® molecules of protein 
in metaphase mitotic apparatuses per ameba is obtained. An additional, 
approximately equal amount of MA protein would be required to complete 
the assembly of the MA in late anaphase; thus, a minimum of approximately 
1.5 X 10^^ molecules of MA protein is present per ameba. This equals 2.4 
X 1015 molecules per cm^ or 0.1 mg MA protein per cm^. If these values 
are compared with c^ = 7.5 x 10® molecules per ameba required for single 
point assembly by diffusion kinetics, the following conclusions can be 
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made: (i) the concentration of MA-microtubule subunits in a dividing 
ameba is sufficient for diffusion to a single point on each microtubule 
to account for the observed rate of microtubule growth, (ii) the con­
centrations are sufficient for the second assumption about Equation 3 to 
be valid, (iii) there is no need to hypothesize the intervention of 
special selective structures or mechanisms to bring molecules to the 
reactive site, (iv) the reactive site can be at any point on the micro­
tubule, but only one reactive site is required at any one time for the 
observed rate of chromosome-to-pole-tubule assembly, and (v) MA-microtubule 
assembly can be 20 times faster than phage assembly because the concentra­
tion of protein subunits is about 20 times greater. 
The results of Forer (1965) suggest that the kinetochore is the 
site of formation and center of continuing organization of the spindle 
fiber. Areas of reduced birefringence produced by ultraviolet-microbeam 
irradiation of spindle fibers move away from the kinetochore during 
prometaphase, metaphase, or anaphase. The average velocity of this move­
ment is about the same as the anaphas e-chromo s ome velocity of 0.3-0.5 
y per min. in Nephrotoma spermatocytes, which is an unusually low velocity. 
However, the pole-to-pole tubules of the giant ameba apparently assemble 
without contacting any other structure such as a kinetochore. Having 
two free ends, pole-to-pole tubules apparently elongate about twice as 
fast as chromosome-to-pole tubules with only one free end, indicating 
the free end may be the assembly point in this type of MA. 
The curve representing the rate of spindle fiber re-assembly (Fig. 
41) includes three parts: a lag period, a linear growth period, and a 
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stationary period. Each of these phenomena has more than one possible 
explanation. 
• Since polymerization can occur at 10°C (Roth, unpublished data) and 
the temperature at 2 minutes after warming is 18-20° C, a 3 minute lag 
period was not expected. This lag period could be due to nueleation. 
Although kinetochores apparently act as nuclei for polymerization, forma­
tion of the first turn of a helix on this site may be much slower than 
succeeding turns. From the equations derived by Gosawa and Kasai (1962), 
one can see that spontaneous nucleation of a 10-subunit-per-turn helix 
would be an extremely rare event. The lag period could also result if 
assembly was a two-step process in which an intermediate must be 
polymerized first. Likewise, if monomers were inactivated during cooling, 
no helical polymerization could occur until a critical concentration of 
polymerizable monomers is reached (Oosawa and Kasai, 1962). Such changes 
could be re-formation of normal tertiary structure altered by cooling or 
an activation such as conversion of G-ADP-actin to G-ATP-actin. 
The linear growth period is characteristic of helical polymerizations 
in which the ratio ^^(-) ^he rate constants of polymerization and 
depolymerization is independent of helix length and in which the concentra­
tion of free monomer stays nearly constant. However, the rate limiting 
factor could be the rate of formation of active monomer if monomers are 
not all in an active form. 
The stationary period at the normal length for metaphase spindle 
fibers could be a concentration-limited equilibrium length. However, 
since MA-protein synthesis occurs prior to mitosis, sufficient monomer 
should be present for further growth. Thus,, the concentration of free 
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or activated monomer could be limited during metaphase, or, perhaps, the 
/K^_y ratio is inversely proportional to the distance from the 
kinetochore and becomes unity at a distance of 5 y. The latter hypothesis 
is incompatible with linear growth at a constant monomer concentration, 
however. 
Anaphase movement of chromosomes appears to be more complex; chromo­
somes do not always move apart at a constant rate, and they may move faster 
than spindle formation occurs. However, after the initial quick "repul­
sion" of chromosomes, their movement apart is found to be the sum of the 
shortening of chromosome-to-pole tubules and elongation of pole-to-pole 
tubules. Each of these individual changes usually occur at 1-2 y per 
minute, about the same rate as spindle fiber formation (Taylor, 1959), 
and anaphase movement can be considered continued MA formation by 
similar mechanisms. Nicklas (1965), studying the effect of chromosome 
size on velocity, and Taylor (1963), studying the effect of viscosity on 
chromosome velocity, both conclude that anaphase chromosome velocities are 
constant and independent of the load on the fiber. One of the three 
theories Nicklas proposes that could explain these peculiar results is 
called "velocity-related forcing." This theory is that a force is pro­
duced by a reaction of constant rate that changes the fiber length a 
constant amount per reaction unless the resistance exceeds the available 
force. Subunit insertion or removal could be this type of constant-rate 
reaction. One question seems most difficult to answer: Why do the 
chromosome-to-pole tubules remain the same length or shorten while con­
tinuous tubules elongate? One can either hypothesize the presence of 
different conditions in the interzone favoring polymerization (Roth, 
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1964b) or a slight difference in stability of chromosome-to-pole tubules, 
perhaps mediated by their attachment to the kinetochore. 
3. Cellular changes during mitosis affecting mitotic apparatus formation 
Numerous cellular changes occur during the early stages of mitosis, 
but the relationship between these changes and MÂ formation la unclear. 
Heilbrunn (1956) suggests that a very significant change just prior to 
MA formation is a release of calcium into the cell interior from binding 
sites at the cortex of the cell. Although no direct evidence has demon­
strated this release from the cortex, Mazia (1937) demonstrated an increase 
of free calcium during mitosis, and numerous other studies have shown 
that many cell changes that occur during mitosis can result from these 
changes in calcium levels in the cell cortex and interior. The following 
changes that normally occur during mitosis have been ascribed to loss of 
calcium from the cell cortex: decrease of cortical viscosity (Wilson, 
1951), reduction of cellular adhesiveness (Coman, 1944, 1960), and 
metaphase rounding and anaphaise bubbling of the cell surface (Domfield 
and Owczarzak, 1958; Robbing and Micali, 1965). Changes occurring in 
dividing cells that have been attributed to an increase of free calcium 
in the cell interior are: increase of the viscosity of the cell interior 
(Heilbrunn, 1956), break down of the nuclear envelope (Heilbrunn and 
Wilbur, 1937), and condensation of chromosomes (Philpot and Stanier, 
1957; Robbins and Micali, 1965). 
This change in the free calcium concentration may result in an in­
crease of up to 10"^ M in the fertilized sea-urchin egg as is indicated 
by the results of Mazia (1937). The MA solubility properties reported 
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in Chapter II indicate that, if the calcium concentration of the ameba 
cytoplasm at pH 6.8 increases only one-tenth (10"^ M) the amount reported 
in sea-urchin eggs, a change from conditions favoring MA dissolution to 
conditions favoring MA, stabilization would result. In addition, Hollings-
worth (1941) has demonstrated that sea-urchin eggs immersed in CaCl 
solutions show a higher percentage of divisions than in other salt solu­
tions . 
Divalent cations are known to greatly accelerate the polymerization 
rates of several types of transitions from globular subunits to fibers 
or helices. Reconstitution of bacterial flagella in vitro occurs at a 
maximum rate in 5 mM CaClz (Asakura e;t a]^., 1964) . Likewise, formation 
of F-actin from G-actin is accelerated by divalent cations (Oosawa and 
Kasai, 1962), and fine filaments can be formed from MA protein in the 
+2 presence of Mg (Stephens, 1967). 
Thus, when the results of the MA-solubility studies are combined with 
numerous other observations on the cellular and the in vitro effects of 
changes in divatent-cation concentration, an hypothesis that divalent 
cations have a significant role in formation of the MA receives strong 
support. When related to the studies by Coman (1960) which suggest that 
control of calcium binding and release is lost by cancer cells, the 
implications of this hypothesis become more significant. 
Another important change that occurs during mitosis is the breakdown 
of the nuclear envelope; the close temporal correspondence of the first 
intranuclear microtubule formation and nuclear envelope breakdown has 
been previously discussed. Solubility studies indicate that, at calcium 
concentrations from 5 x 10 ^ - 10 M, the MA is soluble at the pH of the 
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nucleus (7.6) and stable at the pH of the cytoplasm (6.8). If free 
calcium is present in the cell interior at about this concentration, the 
drop in pH as the relatively small nuclear volume at higher pH mixes 
with cytoplasm at pH 6.8 may be sufficient to induce MA-microtubule 
formation. 
E. Summary 
The major structural element of the MA is ,a globular protein about 
o 
35 A in diameter. These subunits are arranged in the walls of MA micro­
tubules in linear protofilaments parallel to the tubule axis, and a 
single helix or stacked disc of about 10 subunits per turn or disc is 
formed by lateral subunit association. Experimental re-assembly of the 
ameba MA after cold treatment occurs in a manner very similar to normal 
prometaphase assembly. Because this re-assembly occurs synchronously in 
a group of dividing amebae cooled and re-warmed together, the rate of MA 
assembly can be determined by isolating mitotic apparatuses from differ­
ent amebae at one-minute intervals. Measurement of spindle-fiber lengths 
in re-forming MA indicates that microtubule assembly occurs at a constant 
rate of about 1.5 u per minute. With this information on the molecular 
structure and rate of formation, collision-kinetics calculations indicate 
that the concentration of MA-microtubule subunits in a dividing ameba is 
sufficient to account for the observation rate of microtubule growth by 
simple diffusion to one reactive site on each microtubule. MA-micro-
tubule assembly is thus viewed as organized polymerization of identical, 
small subunits. Together with previously reported cellular pH values 
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and changes in the free-calcium concentration during mitosis, this 
study suggests that h"^ ions and divalent cations are important for 
the assembly and maintenance of MA microtubules. 
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PART TWO. FLIGHT MUSCLE OF DROSOPHILA MELAKOGASTER 
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IV. THE STRUCTURE AND PROPERTIES OF ADULT FLIGHT MUSCLE 
A. Introduction 
Muscle has been the subject of much more research than any other 
biological.movement system. The vast number of investigations from many 
different approaches has provided a great amount of information (which 
will not be reviewed here), but the precise manner in which muscle con­
verts chemical into kinetic energy remains unanswered. However, several 
critical findings on the structure and contractile properties of muscle 
have led to a theory of muscle contraction (Hanson and Huxley, 1955) 
that clarifies much of the other information available. The differences 
between the structure,of vertebrate striated muscle, on which the theory 
was based, and the structure of some other types of muscle, including 
insect flight muscle, have led to questions concerning the universality 
of the model of muscle as being a system composed of two types of Inter-
digitating, discontinuous filaments. 
Rather than intending to answer the questions of the molecular 
mechanisms producing contraction, this study of the two types of flight 
muscle of Drosophila melanogaster is an attempt to compare the properties 
of insect flight muscle with the properties of the mitotic apparatus under 
similar conditions. Furthermore, it is an attempt to understand the fine 
structure of the two different types of flight muscle as a basis for the 
study of flight muscle formation. 
Drosophila melanogaster was chosen for this study for several reasons: 
its gross morphology and developmental stages are well known, a number of 
flightless-mutant strains can be obtained, rearing of Drosophila is a 
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standardized procedure, and the fine structure and development of direct 
or tubular insect flight muscles has not been studied. 
1. The structure of vertebrate skeletal muscle 
The basic unit of muscle is the muscle fiber. These large, 
multinucleated cells average 2-3 cm in length and 40 y in diameter at 
the center but often taper at the ends. The nuclei usually lie just under 
the sarcolemma (from Greek: sarx, flesh; lemma, skin) which surrounds the 
fiber, but they may also lie in a central tube. Within the fiber are four 
major components; myofibrils, the contractile, striated elements, composed 
of repeating structural units called sarcomeres; numerous sarcosomes, the 
mitochondria of muscle; the sarcoplasmic reticulum, a system of membranous 
tubules and sacks, often with a pattern of two contacts with the trans­
verse system of sarcolemma invaginations along each sarcomere; and the 
sarcoplasm, containing glycogen, the glycolytic enzymes, creatin-phosphate, 
ATP, ADP, and an isotonic salt solution containing 10"^-10"** M free cal­
cium depending on the state of contraction. 
In many ways myofibrils can be shown to be the contractile elements 
of muscle (see part 3, this introduction). Electron-micros cope studies 
of myofibril structure in different contractile states have led to the 
sliding filament theory of muscle contraction (Hanson and Huxley, 1955). 
To support this theory Huxley (1953a, 1957) demonstrated by electron 
microscopy that myofibrils of vertebrate striated muscle consist of a 
double array of discontinuous thick and thin filaments arranged in the 
precise manner shown in Fig. 43a and connected with thin cross bridges. 
Low-angle X-ray diffraction studies indicate that a change in transverse 
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diffraction, interpreted as a change from slight filament interdigitation 
to complete interdigitation, occurs during contraction or rigor, but no 
change in the axial diffractions by filament molecular structure (no 
filament shortening) is detected (Huxley, 1953b). Extraction studies 
(Huxley and Hanson, 1957b) and fluorescent antibody studies (Tunik and 
Holtzer, 1961) have indicated that the thin filaments are largely the 
protein, actin, and the thick filaments are largely the protein, myosin. 
A third major protein, tropomyosin, is located in the Z disc and also in 
the thin filaments which attach to the Z disc at the apexes of a pyramid' 
formed by connections to four oppositely oriented thin filaments in the 
adjacent sarcomere. Franzini-Amstrong and Porter (1964) suggest the Z 
disc is membranous, whereas Reedy (1964) found evidence that four fila­
ments unwind from each thin filament and cross to four adjacent thin 
filaments. 
2, The structure of insect flight muscle 
Long before the ultrastructure of insect flight muscle was known, 
differences between this muscle and vertebrate striated muscle were noted. 
Although vertebrate muscle can contract once with each nerve impulse up 
to a rate of about 20 contractions per second (Hill, 1948), the time for 
a complete contraction cycle in Drosophila is on the order of 5 milli­
seconds, or 200 contractions per second (Reed et al., 1942). This is con­
siderably shorter than the time between stimuli, yet in some other insects 
the rate is over 1000 contractions per second. In addition, insect flight 
muscles can maintain these high contraction rates over relatively long 
periods of time. 
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The two main types of insect muscles are fibrillar muscle, so called 
because it is composed of a high number of circular-cross-section myo­
fibrils that can be easily teased apart, and tubular muscle, so called 
because it is composed of ribbon-like myofibrils surrounding an axial 
core of sarcoplasm and nuclei. The muscles that power the wings of 
Diptera (including Drosophila) are called the indirect flight muscles 
because they are inserted on the thoracic wall and not on the wings ; by 
an interesting mechanism that Pringle (1957) describes, very small deforma­
tions of the thoracic wall result in strokes of the wings. These muscles 
occupy most of the thoracic cavity, and in Diptera nearly all of them are 
the fibrillar type. The direct flight muscles are smaller in mass and 
are entirely the tubular type. These muscles attach to the base of the 
wing and function to adjust the wing positions to turn, hover, fly for­
wards, or fly backwards (Pringle, 1957). The histological classifica­
tions (fibrillar, tubular) will be used in this dissertation because 
origin and insertion cannot usually be determined in a thin section, and 
one of the indirect flight muscles, the trocantral, which is also involved 
in jumping, is histologically tubular (Demerec, 1950). 
a. Fibrillar muscle A review of histological studies of muscle 
types (Jordan, 1933) characterized fibrillar flight muscles as having many 
large sarcosomes and large cylindrical fibrils with prominant Z and M 
bands and a very small or non-existant I band. The first electron-
microscopic study of insect flight muscle by shadowing and staining of 
fibril fragments indicated that these fibrils are composed of many fine, 
o 
70-A filaments (Farrant and Mercer, 1952); the thick filaments were appar­
ently destroyed by their preparatory techniques. 
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Using the thin-sectioning technique, Hodge (1955) and Philpott and 
Szent-Gyorgyi (1955) concluded that fibrillar flight muscle is composed 
of actin filaments extending from Z band to Z band and questioned the 
universality of the discontinuous, sliding-filament hypothesis. Hodge 
suggested that myosin is present on the surface of the thin filaments 
in the A bands and moves along their surfaces during contraction. 
Soon after these papers Huxley and Hanson (1957a) demonstrated that, 
with thinner sections, fibrillar flight muscle of the blow-fly can be 
seen to be composed of a double-filament system. However, the thin fila­
ments of fibrillar flight muscle are located directly between two thick 
filaments rather than in the center of a triangle formed by three thick 
filaments like vertebrate skeletal muscle (see Fig. 43b), but the packing 
is still basically hexagonal. The differences in the I band were thought 
to be only a matter of degree, until Auber and Couteaux (1963) demonstrated 
that the thick filaments taper at the A-I junctions and a thin connection 
extends into the Z band. Garamvolgyi (1965) suggests these are thin S 
filaments that are continuous throughout the sarcomere and shorten during 
contraction. 
The myofibrils of Drosophila fibrillar muscles are composed of a 
hexagonal array of the type seen in the blow-fly, with thick filaments 
that appear solid in the H band, tubular in the. A bands, and solid and 
thin in the I bands (Shafiq, 1963). The regular filament array ceases 
in the zone nearest the sarcolemma at the end of a fibril, and the myo­
filaments attach through a desmosome-like structure to filaments extend­
ing across the epidermal cell which in turn attach to the cuticle. The 
sarcoplasmic reticulum in fibrillar muscle of Drosophila (Shafiq, 1964) 
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and other insects (Smith, 1965) is greatly reduced, but the mitochondria 
in these muscles occupy an unusually large portion of the muscle volume. 
Calcium-activated adenosinetriphosphatase (ATPase) activity is 
located exclusively on the surface of the A band thick filaments (Tice 
and Smith, 1965), whereas magnesium-activated ATPase activity is centered 
in the myofibril Z bands and the mitochondria (Zebe and Falk, 1963). 
Smith (1964) has also provided an electron-microscopic study of the 
musculature of flightless insects, several species of winged but normally 
flightless beetles. In some cases the exoskeleton-wing attachment is 
unusual, but in one case that he described the vestigial flight muscles 
are reduced to a few thin fibers containing many nuclei and tracheoles 
but few myofibrils. 
b. Tubular muscle The fine structure of direct flight muscle 
has not been previously studied, but some other-types of tubular insect 
muscles have been studied. Indirect flight muscles of the dragonfly 
(Smith, 1966a) are tubular, synchronous muscles. These muscles are 
characterized by large mitochondria, a moderately developed sarcoplasmic 
reticulum with a dyad T system contact midway between the Z and M bands, 
and a filament arrangement like fibrillar flight muscle. The flight and 
leg muscles of the migratory locust (Vogell et_ al., 1959) and the flight 
and tymbal muscles of the cicada (Edwards e^ a2., 1958) are similar but 
have a slightly modified endoplasmic reticulum and myofibril shape. 
A different type of filament arrangement is seen in insect visceral 
muscles and abdominal intersegmental muscles (Smith, 1966b). Each thick 
filament has an orbital of up to 12 thin filaments in the A band of the 
sarcomere (Fig. 43c). The visceral muscle fibers, however, differ from 
Fig. 43. Diagram of A-band myofilament relationships drawn to the scale 
1 inch = 40 A or X 635,000. 
a. Vertebrate striated muscle. One thin filament is midway 
between three solid-appearing thick filaments, and an 
orbital of six thin filaments surrounds each thick fila­
ment . 
b. Drosophila fibrillar muscle. One thin filament is midway 
between two hollow-appearing thick filaments, and an 
orbital of six thin filaments surrounds each thick fila­
ment 
c. Drosophila tubular muscle. Two thin filaments are midway 
between two solid-appearing thick filaments, and an 
orbital of 12 thin filaments surrounds each thick fila­
ment . 
d. Postulated filament arrangement in isolated myofibrils 
from fibrillar flight muscle when treated with 50 mM 
ATP. The center-to-center filament spacing is 63% less 
than in Fig. 43b, and the myofibril diameters in 50 mM 
ATP (Fig. 61) are 60% less than the average myofibril 
diameter. 
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other synchronous muscle fibers in exhibiting a very reduced sarcoplasmic 
reticulum. 
The two types of flight muscles are located solely in the thorax 
of Drosophila and occupy most of its volume. In Fig. 44, a diagram of 
the musculature of the right half of Drosophila, the six dorsal indirect 
flight muscles are seen as broad white bands in A; the vertical indirect 
muscles, including six fibrillar muscles and the tubular trochanterai 
muscle (number 66), are seen in B; and the direct flight muscles are seen 
in C. Fibrillar muscles are those shown as broad white bands, and tubular 
muscles are those shown as a group of smaller fibers. 
3. The properties of isolated flight-muscle myofibrils 
Myofibrils may be obtained by homogenizing muscle and isolated by 
repeated sedimenting at intermediate centrifuge speeds after removal of 
larger pieces at lower speeds. Fibrillar flight-muscle myofibrils may 
also be separated by cutting the muscle loose at the ends and teasing 
the fibrils into a suspension. 
Early studies of myofibril changes during contraction and the grow­
ing knowledge of the properties of colloids led Jordan (1933) to conclude 
in his review that contraction is a movement of colloidal material within 
a loose myofibril framework. The studies of Hodge (1955) on myofibrils 
of insect flight muscle lead him to conclude that a migration of myosin 
along actin filaments occurs to form the dense C^, and contraction bands 
at the Z disc and M line when ATP is added to isolated, glycerinated 
fibers. However, Hanson (1956) studied the same type of myofibils and 
concluded that these bands result from filament overlap or thickening when 
Fig. 44. The skeletal muscle system of Drosophila melanogaster. 
Fibrillar muscles, wide white bands; tubular muscles, groups 
of narrow white bands; exoskeletin, black. Sagittal right 
half of female. From Demerec (1950). X 100. 
A. Head, thorax, and abdomen, showing only the more medial 
thoracic muscles. The longitudinal indirect flight 
muscles are numbered 45 a-f. 
B. Right half of thorax with medial muscles removed, show­
ing the vertical indirect flight muscles (46-48) and 
the trochanteral indirect muscle (66), which is tubular. 
C. Right half of thorax with all medial and indirect 
muscles removed to show the direct flight muscles. 
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they slide against the Z disk or slide together at the M line during 
shortening. The bands appearing when myofibrils are induced to con­
tract by ATP but are held in an extended state were shown to be produced 
by binding of dissolved myosin to the Z-I region and, thus, to be an 
artifact of the test system. The effects of ATP under different condi­
tions led Weber (1958) to conclude that ATP induces contraction if it 
is split and relaxation if it attaches to the proteins of a contractile 
system without being split. Aronson (1962) showed that magnesium ions 
can control this dual ATP effect; myofibrils are induced to contract in 
an ATP-containing salt solution without magnesium, but relaxation occurs 
in the presence of magnesium and ATP. 
B. Methods 
1. Electron microscopy of flight muscle 
Wild-type and flightless-mutant adults of Drosophila melanogaster 
from laboratory stocks fed on the usual corn-meal and agar medium were 
used. The three flightless mutants used were called tilt, heldout, and 
flapwing, all of which had normal-size wings. Flies were immobilized by 
chilling to 0°C, and the thorax was removed and bissected in cold 2.5 
or 4% glutaraldehyde plus 20 mM Sorensen's-phosphate or veronal-acetate 
buffer at pH 7.0. After a 1-hour fixation period specimens were rinsed 
in sucrose-buffer solution and placed for 1 hour in a 1 or 2% osmium 
tetroxide solution buffered at pH 7.0 with phosphate or veronal acetate. 
By addition of sucrose and the use of a higher concentration of buffer, 
the rinse solution and second fixative were prepared with an osmolality 
equal to the glutaraldehyde solution used. The fixed specimens were 
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dehydrated with a graded series of acetone solutions and embedded in a 
Maraglas epoxy-resin mixture of the following; 70% Maraglas A resin, 
18% diepoxide flexibilizer DER-732, 10% dibutyl-phthalate plasticizer, 
and 2% benxyldiinethylamine catalyst. Following a 24-hour polymerization 
at 50-55°C, thin sections were cut with an LKB Ultrotome or a Reichert 
Ultramicrotome, mounted on formvar-filmed grids, and stained with 2% 
phosphotungstic acid, 2% uranyl acetate, lead citrate (Reynolds, 1963), 
2% KMnOij., or combinations of these solutions. Sections were examined 
in an RCA EMU-3F electron microscope operated at 50 KV with a 30- or 
35-y objective aperture. 
2. Studies of isolated myofibrils 
All the adult flies from one culture bottle of wild-type Drosophila 
(several hundred) were immobilized at 0°C, placed in ice-cold, magnesium-
containing salt solution, and fragmented by about 20 strokes with the 
looser-fitting plunger of a Potter tissue grinder. The magnesium salt 
solution (MgSS) consisted of distilled, deionized water plus 0.1 M KCl, 
3 mM KH2P0i^, 2 mM EDTA, and 4 mM MgCl2 at pH 7.0 (Aronson, 1962). This 
suspension was spun down for 5 minutes at top speed in an International 
microcentrifuge. The supernatant contained only soluble and suspended-
particulate material and was discarded. The fibrils were resuspended 
in 10 ml of cold MgSS and centrifuged for 10 seconds; thus, larger 
fragments were removed in the sediment. These two steps were repeated 
two more times until a clean myofibril preparation was obtained, which 
was stored at 0°C until needed for study. 
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Myofibrils in MgSS from this preparation were observed and photo­
graphed with a Zeiss phase-contrast photomicroscope during each study-
as a control for further examination of the properties of isolated 
myofibrils. As an additional control, myofibrils were teased from 
freshly dissected drosophilae into solution and examined. 
The effects of the following solutions upon isolated Drosophila 
myofibrils were studied; relaxing medium, consisting of MgSS plus 5 mM 
ATP; calcium-ATP solution, consisting of 0.1 M KCl, 4 mM CaCl2, 20 mM 
ATP, and 5 mM phosphate buffer at pH 7.5; 20 mM CaCl2 solution at pH 6.8; 
30 mM EDTA solution at pH 7.0; 1 M KCl solution; and 50 mM ATP solution. 
In most cases a small amount of myofibril preparation was placed on a 
microscope slide, a large excess of one of the above solutions was added, 
and the resulting striation pattern was photographed; alternatively the 
myofibril striation pattern was photographed in MgSS or relaxing medium, 
a second solution was allowed to flow under the cover slip, and the same 
myofibril was again photographed. 
C. Results 
1. Fine structure of flight muscle 
a. Fibrillar muscle The indirect flight-muscle fibers of 
Drosophila are primarily composed of myofibrils and mitochondia (Fig. 45). 
The mitochondria are irregularly arranged around each myofibril and have 
numerous lamellar cristae. The micrographs in this section are of the 
fibrillar muscle of newly emerged adults, and the mitochondia, although 
large, are not yet full-sized. The myofibrils are circular in cross 
section with a diameter of 1.4-1.8 y. The myofilament arrangement is 
Figs. 45-50. Fibrillar flight muscle of Drosophila. Fixed with 2.5% 
glutaraldehyde, post-fixed with 2% OsOi^, dehydrated with 
acetone, and embedded in Maraglas. Electron micrographs. 
Fig. 45. Cross section of myofiber. Myofibrils are surrounded by 
large mitochondria (M), infrequent dyads (D), and numerous 
granules. Stained with sodium phosphotungstate and lead 
citrate. X 60,000. 
Fig. 46. Tracheoles (T) surrounded by tracheolar cell cytoplasm extend 
within the myofiber. Tubules extending from the invaginated 
sarcolemma form dyads (D) in association with cytoplasmic 
vesicles. Stained with sodium phosphotungstate and lead 
citrate. X 32,000. 
Fig. 47. Nucleus located adjacent to the sarcolemma. Dyads (D) and 
microtubules (T) are also seen. Stained with sodium micro-
tungstate and lead citrate. X 32,000. 
Fig. 48. Cross section of myofibrils in a pupa showing filament arrange­
ments in the Â, H, and I bands. Stained with sodium 




not clearly seen unless the section is precisely perpendicular to the 
fibril axis and heavily stained to emphasize the filaments (e.g. Fig. 
50). 
Small extensions of the tracheolar system, surrounded by the 
invaginated muscle-cell membrane, or sarcolemma, extend deeply within 
the muscle fiber (Fig. 46). The sarcolemma is attenuated further by 
thin projections extending away from the tracheole. At several locations 
small flattened vesicles are closely associated with these transverse 
invaginations of the sarcolemma. Together these two elements form a 
structure that is called a dyad (Smith, 1961). These vesicles are the 
extent of the sarcoplasmic reticulum in Drosophila fibrillar muscle. 
Nuclei are located near the fiber surface and often are flattened along 
the side facing the sarcolemma (Fig. 47). 
Myofibrils of fibrillar muscle fixed in the relaxed state show 
distinct H, A, I, and Z bands within each sarcomere (Fig. 49). The thin 
filaments appear to extend from the Z disc through the A band to the A-H 
junction. The thick filaments extend through the H and A bands and taper 
at the A-I junction to a thin extension that approaches or contacts the 
Z disc, which appears to contain a more densely stained material. Cross 
sections through different bands (Fig. 48) show that one band (A) con­
tains thin filaments and hollow-appearing thick filaments, one band (I) 
contains thin filaments in greater density than the A band, and one band 
(H) contains solid-appearing thick filaments plus some material of inter­
mediate density but no thin filaments. At higher magnification the 
hollow-appearing thick filaments are seen to be arranged hexagonally with 
a thin filament midway between each thick filament, and thin connections 
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between the two can be seen (Fig. 50). The thin filaments have an 
average length of 1.4 y and an average diameter of 4 my, whereas the 
thick filaments have an average length of 2.8 y and an average diameter 
of 13 mu in the A band where they appear hollow and 11 my in the H band 
where they appear solid. 
No fine-structural differences or abnormalities are seen in the 
fibrillar muscles of the flightless mutants examined. For example, 
Figs. 49 and 50 are from the Ho (heldout) mutants, which were the least 
able to move their wings of the strains examined. 
b. Tubular muscle The direct flight muscles and the large 
trocanteral depressor muscle are composed of tubular fibers. These 
fibers have a central core of nuclei surrounded by two (or occasionally 
three) tubes of ribbon-like, radially oriented myofibrils (Figs. 51 and 
52). The nuclei are aligned end-to-end and are surrounded by consider­
able ground cytoplasm in the central core (Fig. 53). Included in the 
cytoplasm are mitochondria, membranous vesicles, and granular elements. 
Many of these granules stain strongly with uranyl acetate and appear to 
be ribosomes, whereas other granules stain more -strongly with, lead and. — 
appear to be glycogen. When sectioned longitudinally, thin myofibrils 
are seen to be aligned in register with adjacent sarcomeres and surrounded 
by an extensive sarcoplasmic-reticulum system (Fig. 54a). Sets of paired, 
membranous sacks that correspond to dyads seen in other types of muscle 
are seen midway between the center of the sarcomere and each Z disc. One 
of these structures is seen at higher magnification in the inset (Fig. , 
o 
54b). Each half of the dyad is surrounded by a 75-A tripartate membrane, 
and a very dense zone about ll-my wide separates the two. One of the 
Longitudinal section of a myofibril fixed in the relaxed 
state. H, A, I, and Z bands of one sarcomere are seen. 
Lead citrate and sodium phosphotungstate staining. X 
41,000. 
Cross section of two myofibrils showing the filament arrange­
ment in fibrillar flight muscle; one thin filament lies half­
way between two thick filaments. The lower myofibril is 
cut more obliquely, and the structural differences in the 
A, I, and Z bands are seen. Thick filaments taper from 13-my 
diameter tubules, to smaller tubules, to solid filaments 
6-8 my in diameter. Lead citrate and sodium phosphotungstate 
staining. X 77,000. 
118 
Figs. 51 -56. Tubular flight muscle of Drosophila. Fixed with 2.5% 





Survey view of five myotubues or multinucleated muscle cells 
of tubular flight muscle cut in cross section. Each cell 
includes two concentric, flattened tubes of ribbon-like 
myofibrils and a central core containing one or two rows 
of nuclei (N). Fig. 52 is a region similar to that in the 
rectangle, whereas Figs. 53 and 54 are longitudinal sections 
cut through regions such as a-b and b-c, respectively. 
Phase-contrast micrography. X 2200. 
Cross section of one myotube. Ribbon-like myofibrils are 
seen cut through A, I, or Z bands. One.nucleus (N) is seen 
in the central core. Electron micrograph. X 24,000. 
Longitudinal section along a 
nuclei situated, end to end. 
X 30,000. 
myotube core containing several 
Stained with uranyl acetate. 
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Longitudinal section along the peripheral tube of myofibrils. 
The extensive sarcoplasmic reticulum is seen with dyads 
regularly spaced in the center of each half sarcomere. Inter­
connection (C) between elements of the sarcoplasmic reticulum 
are seen where the myofibrils are cut more tangentially. 
Stained with sodium phosphotungstate and lead citrate. 
X 14,000. 
Higher magnification of one dyad stained with potassium 
permanganate. A dense zone 11-mu wide separates 75-& 
tripartate membranes of each half of the dyad. X 80,000. 
The sarcoplasmic reticulum of tubular flight muscle often 
appears to be a series of vesicles, but in several locations 
these elements are seen to be interconnected (C). Transverse 
invaginations of the sarcolemma (S) and microtubules (T) are 
occasionally seen. Mitochondria (M) are located between the 
tubes of myofibrils. Stained with sodium phosphotungstate 
and lead citrate. X 29,000. 
Myofilament relationships in a cross-sectioned myotube. The 
large (lô-my) diameter filaments are surrounded by about 12 
thin filaments, but the arrangement is often irregular. 




dyad sacks can be shown to be continuous with the sarcolemma, whereas 
the other is continuous with the other portions of the sarcoplasmic 
reticulum. Although the sarcoplasmic reticulum appears to be a series 
of unconnected vesicles when sectioned longitudinally, they are seen to 
be connected when the orientation is more tangential (Figs. 54a and 55, 
C). The mitochondria are located between the circular bands rather 
than between the myofibrils themselves. 
With the exception of the Z band, the banding pattern of the myo­
fibrils is indistinct in most cases. The I and H bands are very short, 
no M band is seen, and the Z band is a short strip of irregular, dense 
material. When viewed in cross section, the thick filaments appear 
solid and are 16 m^i in diameter; their arrangement is, in general, a 
hexagonal packing (Fig. 56). About 12 thin filaments 4-6 my in diameter 
usually surround each thick filament, but the number of visible thin 
filaments around each may vary from 9-14. In the usual arrangement two 
thin filaments are located 10-12 my apart and equidistantly between two 
thick filaments, whose spacing varies from 35-45 my. 
The flightless-mutant tubular muscles examined show no detectable 
abnormalities when compared with the wild-type stock. Figs. 52 and 56 
are from flightless mutants and Figs. 51, 53, 54, and 55 are from wild 
type Drosophila. 
2. Properties of isolated flight-muscle myofibrils 
a. Changes in contractile state Myofibrils isolated in mag­
nesium salt solution (MgSS) as described are mostly the fibrillar type 
in a state of mild contraction with a sarcomere length of about 2.7 y 
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(Fig. 57). Contraction bands are seen at the M line location and Z disc 
location (the darker of the two). However, in each preparation there is 
seme variation; occasionally more extended myofibrils are seen in MgSS 
(Fig. 58). If isolated myofibrils from an MgSS preparation are placed 
in 20 mM CaClg, wider contraction bands are seen at the H and Z band 
locations, and the sarcomere length decreases to about 2.5-2.6 u (Fig. 
59), whereas in 30 mM versene lighter zones are seen in the H and Z 
regions, and the sarcomere length is about 3.2-3.3 y (Fig. 60). These 
changes occur in a similar manner if myofibrils are teased from a freshly 
dissected Drosophila thorax. 
When myofibrils in MgSS are placed in a ten-fold excess of 50 mM 
ATP, dense rods are seen (Fig. 61) with a banding pattern and sarcomere 
length similar to muscle in 20 mM CaCl2, but the myofibril diameter is 
only 0.7-0.8 y as compared to about 1.9 y in the three previously men­
tioned solutions. Thicker bands at the location of the Z disc are 1.2 
li in diameter. 
Portions of tubular muscle are seen only rarely in the final myofibril 
preparation. These are usually an entire muscle cell or myotube. The 
isolated myotube seen in Fig. 62 is 14 y in diameter, and a central core 
of nuclei can be seen although the fibrillar bands are not clearly seen. 
b. Myofibril disassembly The addition of 1 M KCl to myofibrils 
in the slightly contracted state (e.g. Fig. 57) results in a disappear­
ance of the substance in the central portion of the sarcomere and a slight 
optical-density increase in each one-third of the sarcomere nearest the 
Z discs (Fig. 63). No change is noted in the thin, dark bands. The 
sarcomere length remains about the same (in this case 2,8 y), and each of 
Figs. 57-70. Myofibrils or myotube isolated from Drosophila in 
magnesium salt solution and photographed after addition 
of the solutions indicated. Unfixed and unstained. 
Phase-contrast micrographs. 
Fig. 57. Myofibril in magnesium salt solution. Average sarcomere 
length 2.7 y. Contraction bands at the M line and Z disc 
are indicated. X 2200. 
Fig. 58. Myofibril in magnesium salt solution. Average sarcomere 
length 3.3 n. X 2200. 
Fig. 59. Myofibril in 20 mM CaCl2» Sacomere length 2.5-2.6 y. X 2000. 
Fig. 60. Myofibril in 30 mM Versene. Sarcomere length 3.2-3.5 
X 1850. 
Fig. 61. Myofibrils in 50 mM ATP plus one-tenth strength magnesium 
salt solution. Sarcomere length 2.6 y; width 0.7-0.8 y in 
A bands and 1.2 y at Z discs. X 1900. 
Fig. 62. Myotube from tubulular muscle. A central core of nuclei is 
clearly seen. Isolated in magnesium salt solution. X 1800. 
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the remaining structures remain precisely aligned with the neighboring 
structures unless a sharp break occurs, such as seen between the two 
structures on the far left of Fig. 63. Addition of 1 M KCl to relaxed 
myofibrils such as seen in Fig. 58 results in a different pattern (Fig. 
64); the material of the H bands and nearby regions of the A bands mostly 
appears to disappear or dissolve, the light I bands are maintained, and 
the density of the portions of the A bands nearest the I bands appears 
to increase. A small amount of material appears to remain in or across 
the H band, and the sarcomere length (3.5 y in Fig. 64)^is maintained 
at a normal length for relaxed muscle. More of the A band is removed 
by longer extraction. 
A different type of change occurs when myofibrils are placed in 
relaxing medium consisting of MgSS plus 5 mM ATP. The myofibrils slowly 
expand in both sarcomere length and width with a shift of the banding 
pattern toward smaller contraction bands and wider light bands, but 
fibers with wide contraction bands (Fig. 65) do not change to fibers 
with light bands like versene-treated myofibrils. The width increase of 
some myofibrils in relaxing medium varies in different sarcomeres (Fig. 
66). After remaining in relaxing medium for a longer period, myofibrils 
continue to widen and slowly separate into longitudinal strands (Figs. 
67 and 68). A similar change occurs when calcium-ATP solution is added; 
however, the initial changes are so rapid that only myofibrils in later 
stages can be photographed (Fig. 69). These often appear similar to 
myofibrils in Mg-containing relaxing medium. In some cases the very 
dense bands are not diminished, but the material between tends to 
Fig. 63. Myofibril extracted with 1 M KCl. A dense band remains at 
the Z disc (Z). The central one-third of the sarcomere 
appears mostly extracted", but each adjacent one-third appears 
to have an increased optical density. Sarcomere length 2.8 
VI. X 2400. 
Fig. 64. Myofibril extracted with 1 M KCl at a sarcomere length of 
3.5 u. I'bands are sharply defined, and the H zone is en­
larged and more sharply contrasts with the outer portions 
of the A band. X 2250. 
Fig. 65. Myofibril in Mg-ATP relaxing medium. Myofibril width is 2.7 
U compared to an average width of 1.9 y, and the sarcomere 
length is 3.0 y. A banding pattern characteristic of "con­
tracted" myofibrils is retained. X 1840. 
Fig. 66. Myofibril in Mg-ATP relaxing medium. Sarcomeres vary in width 
from 2.0 to 2.4 y and average 3.3 y long. The banding pattern 
is characteristic of "relaxed" myofibrils. X 2760. 
Fig. 67. Myofibril in Mg-ATP for a longer time than Figs. 65 and 66. 
X 2050. 
Fig. 68. Myofibril agitated in Mg-ATP. Separation into longitudinal 
strands results. X 2050. 
Fig. 69. Partially disassembled myofibril in Ca-ATP solution. X 2200. 
Fig. 70. Partially disassembled myofibril in Ca-ATP solution with dense 
contraction bands at the Z disc remaining. X 2200. 
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fray out and disappear (Fig. 70). Nearly all the myofibrils in calcium-
ATP solution disappear during the first 10 minutes. 
D. Discussion 
1. Fine structure of flight muscle 
The fine structure of Drosophila fibrillar flight muscle fixed in 
glutaraldehyde and then in osmium tetroxide is very similar to that 
described in several previous studies of insect fibrillar muscles fixed 
in osmium tetroxide only (Huxley and Hansen, 1957a; Smith, 1961, 1965; 
Shafiq, 1963a, 1964). However, the structure of the tubular flight 
muscles of Drosophila differs from previously studied, invertebrate 
muscles. 
The internal structure of Drosophila mitochondria is similar to 
that seen in other insect muscles, but the mitochondria of tubular flight 
muscle are located between the tubes of myofibrils and in the central 
core rather than between the myofibrils. Mitochondria of fibrillar 
muscles occupy much of the space between each myofibril. Mitochondria 
of tubular insect muscles are usually either in pairs on each side of 
the myofibril I bands as in cockroach abdominal muscle (Smith, 1966b) 
or femoral muscle (Hagopian and Spiro, 1967) or are in sheet-like radial 
arrays between each radial myofibril as in synchronous dragonfly flight 
muscle (Smith, 1966a). Mitochondial location between tubes of myofibrils 
has not been previously described. 
The most striking difference between the synchronous and asynchron­
ous insect muscles is the arrangement of the membrane systems between 
the myofibrils (Smith, 1965). The sarcoplasmic reticulum of Drosophila 
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tubular (synchronous) muscles is very extensive, whereas in the fibrillar 
(asynchronous) muscles there is only a trace of the sarcoplasmic 
reticulum: the small cisternae associated with the T system. The sarco­
plasmic reticulum of Drosophila tubular muscle seems the most similar to 
that of cockroach femoral muscle described by Hagogian and Spiro (1967), 
but the dilations of the T system at the Z band are not seen in Drosophila. 
The dyad membrane junction of Drosophila tubular muscle is composed of two 
o 
triple-layered membranes, each about 75 A thick, separated by a dense zone 
o 
of about 100 A. Smith (1961) states that in Tenebrio flight muscles 
(fibrillar) the dyad is composed of a flattened section of T-system tubule 
o 
with a 75-A, triple-layered membrane associated with a cisterna of the 
o 
sarcoplasmic reticulum having a 50-A, single-layered membrane; however, 
o 
Hoyle (1965) states that the invertebrate dyad consists of a 75-A, 
o o 
excitory-element (T) membrane, a 100-A space between, and a 56-A, 
cisternal-element membrane, both membranes being triple layered. Using 
human striated muscle and muscle from three crustaceans, Fahrenbach (1955) 
o o 
observed two dense 45-60-A lines separated by a 110-A light zone with a 
o 
dense 40-A line bisecting this zone; he interpreted this structure as a 
tight junction between sarcoplasmic reticulum and T-system membranes. 
Thus the results from Drosophila do not agree exactly with any of the 
above observations but agree in most aspects with those of Hoyle. The 
single dense lines seen by Smith and by Fahrenbach perhaps would have 
been seen as the triple-layered membranes described by Hoyle and this 
report if the sections had been thinner, and it is doubtful that a tight 
junction exists between these membranes, at least in Drosophila muscle, 
since a space between the two elements of the dyad is consistently seen. 
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The tubular muscles apparently utilize the extensive sarcoplasmic 
reticulum in the release and binding of ATPase-stimulating calcium ions 
for rapid and synchrouous contraction (Smith, 1965), but the sparse 
sarcoplasmic reticulum in fibrillar muscle has stimulated questions con­
cerning the control of the rapid, asynchronous contractions of this muscle. 
Recently Jewell and Ruegg (1966) have found that glycerinate fibers of 
asynchronous flight muscle exhibit prolonged, oscillatory contractions 
in a suitable calcium- and ATP-containing medium. If this phenomenon 
occurs vivo, only a small release of calcium to start and stop the 
contraction would be required; hence a small sarcoplasmic reticulum might 
be adequate. 
Oxygen is carried within the fibrillar muscle cells by tracheoles 
that deeply invaginate the sarcolemma (Smith, 1965); thus, oxygen must 
diffuse only a short distance to reach all the mitochondria. Together 
with the high concentration of mitochondria, this factor probably results 
in the potential for long periods of high metabolic activity. However, 
the tracheoles of Drosophila tubular muscle lie between the fibers and 
do not penetrate within as in fibrillar muscle. 
The A-band filament arrangement of insect flight muscles differs 
from that seen in vertebrate striated muscles (Fig. 43a). Rather than 
being located midway between three thick filaments like vertebrate-muscle 
thin filaments, the thin filaments of fibrillar flight muscles are located 
midway between two thick filaments (fig. 43b). These filaments appear 
hollow rather than solid like thick filaments in other types of muscle. 
This filament arrangement is also shared by the indirect, tubular flight 
muscles of the Odonata (Smith, 1966a) and the striated muscles of a 
! 
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copepod crustacean (Fahrenbach, 1963). The filament array seen in the 
tubular flight muscle of Drosophila (Fig. 43c) constitutes a third type 
of striated-muscle filament arrangement. In this type about 12 thin 
filaments surround each solid-appearing thick filament. Similar arrange­
ments are seen in cockroach abdominal (Smith, 1966) and femoral muscle 
(Hagogian and Spiro, 1967) and in the obliquely straited muscles of 
Ascaris (Rosenbluth, 1965). MacRae (1963) describes orbitals of 10-15 
thin filaments around individual thick filaments in planarian smooth 
muscle, and Swan (1963) describes extentions from the thick filaments of 
crayfish muscle to every other one of the surrounding 12 thin filaments 
and suggests that each thick filament interacts with its own set of thin 
filaments rather than sharing them with adjacent thick filaments as 
occurs in the other two filament arrangements (Fig. 43a and b). 
The fact that no fine-structural differences were observed in 
muscles of the flightless mutants examined probably indicates the 
differences are in some other property such as the innervation, enzyme 
activities, or wing insertion and not in the structure of the muscles. 
2. Properties of isolated flight-muscle myofibrils 
The banding pattern changes of Drosophila myofibrils with respect 
to sarcomere length are clarified when related to the length of the 
thick filaments (2.8 y), the thin filaments (1.4 y), and the Z disc 
(0.08 y). The Z disc is not usually seen in phase micrographs because 
it is thin and not much more dense than the I band; its density in 
fixed and stained material is due to its affinity for stain. When the 
sarcomere length equals the length of the thick filaments plus the 
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length of the Z disc (a total of 2.9 y), there are no gaps or overlaps 
except a complete single overlap of thick and thin filaments; when it 
is longer than 2.9 y, H-band and I-band gaps are seen as light bands ; 
when it is shorter than 2.9 y, contraction bands appear at the Z disc 
and M line as the result of filament overlap or crumpling according to 
Hansen (1956). The induced changes in Drosophila myofibril banding 
patterns and sarcomere length indicate that calcium stimulates contrac­
tion and that a chelating agent induces elongation as shown by Bendall 
(1958), who used glycerinated, vertebrate muscle fibers. Thus, isolated 
myofibrils contain all the essentials of a contractile system. The 
results of Hasselbach (1964) and of Constantin et al. (1965) indicate 
that the relaxing factor of muscle acts to remove calcium from the 
myofibrils and to concentrate it in the sarcoplasmic reticulum; hence, 
the effect of the relaxing factor is paralleled by chelating agents. 
According to the theory of Davies (1963), contraction of heavy-meromyosin 
cross-bridges containing ATP occurs when calcium binds to ADP of actin 
filaments and then to the terminal phosphate of myosin-ATP, thereby 
neutralizing its negative charge and also neutralizing the repulsion by 
a negative charge at the base of the cross-bridge. He suggests that, 
without this repulsion, the polypeptide cross-bridge tends to form an 
a-helix by formation of hydrophobic and hydrogen bonds and, thus, pro­
duce a quantal contraction. After this shortening the terminal phosphate 
bound to calcium is split off by myosin-ATPase, repulsion again extends 
the cross-bridge when re-phosphorylation of the remaining myosin-ADP 
occurs, and the cycle can be repeated. 
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The formation of very dense rods at a nearly constant sarcomere 
length by addition of a high concentration of ATP to a solution contain­
ing a,low concentration of magnesium is a striking phenomenon, and I am 
not aware of any previous report of its occurrance. The decrease of the 
A-band diameter is about 1.15 y or 60% of the original myofibril diameter 
of about 1.9 li. Since the filaments are 4 and 13 mu in diameter and are 
22-23 my apart (center to center), the space between thick and thin fila­
ments is about 14 mu or 63% of the center-to-center distance. I propose 
that the approximately 60% diameter reduction occurring upon addition of 
ATP is a uniform shortening of the distance between each thick filament 
and the surrounding thin filaments until the filaments are in direct 
contact (Fig. 43d). Only about 3% of the original, center-to-center 
filament spacing (less than 1 my) would remain between each thick and 
thin filament if this occurs and would correspond to at least a 95% 
shortening of the interfilament distance if the filament diameters remain 
constant. Such an extreme shortening could not be expected from a-helix 
formation by extending polypeptides such as Davies (1963) proposes to 
occur in normal contraction. Alpha-helix formation could produce a 
maximum shortening of about 60% of the interfilament distance; thus, 
either other attractive forces must be involved, or the filament diam­
eters as well as the inter-filament spacing are reduced. Rice et al. 
(1963) may have observed a similar change in super-precipitation of 
actomyosin. "Ladders" with actin "rails" and myosin "rungs" are observed 
in shadowed preparations; ATP addition at low y results in much shorter 
"rungs" and brings the "rails" together. 
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The effects seen in Pigs. 63 and 64 result from the dissolution of 
myosin by high concentrations of KCl as demonstrated by Huxley and Hansen 
(1957b). The phase-density increase of the remaining thin-filament 
region may be due to increased optical contrast after myosin removal or 
may be due to attachment of dissolved myosin to thin filaments as shown 
by Garamvolgyi and Kemer (1966) . The precise alignment of the remaining 
portions of this myofibril "ghost" perhaps also supports GaramvOlgyi and 
Kerner's suggestion (1966) that thin, non-myosin S filaments connect the 
Z discs. 
When myofibrils disassemble as is observed in relaxing medium or 
Ca-ATP, the filaments are not dissolved into their constituent proteins. 
Electron microscopy of the resulting supernatant shows that thick and 
thin filaments are separated intact by these treatments (reported in 
Chapter V). Thus, the bonds responsible for movement in muscle also 
appear to be the bonds holding the myofibrils together, and these 
bonds are altered in the presence of ATP and calcium or magnesium. 
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V. THE MOLECULAR STRUCTURE AND FORMATION OF FLIGHT MUSCLE 
A. Introduction 
In order to understand muscle formation, the nature of the molecular 
building blocks, the arrangement of these components in macromolecular 
arrays or filaments, and the process of myofibril assembly from these 
arrays must be understood. In-this chapter the proteins of muscle are 
briefly reviewed from the literature, some new information is presented 
on myofilament ultrastructure, and myofibril formation in the two types 
of Drosophila flight muscle is described. 
1. The molecular subunits of muscle 
The myofibrillar proteins comprise the major portion of total muscle 
protein. Three major proteins plus several minor proteins comprise 
vertebrate myofibrils ; myosin constitutes 50-55% of the total myofibrillar 
protein, actin comprises 25-30%, tropomyosin makes up 11-15%, and the 
minor proteins contribute 1-5% to the total myofibrillar protein (Go11, 
1965). 
a. Actin Actin was first isolated by Straub (1943) from acetone-
dried powder of rabbit striated muscle. Actin is characterized by two 
forms: monomeric globular actin (G-actin) in the absence of salt and 
fibrous actin (F-actin), which polymerizes from G-actin, in the presence 
of salt (e.g., 0.1 M KCl). G-actin has a molecular weight of about 
57,000, whereas F-actin is a filament several miera long with a very high 
molecular weight; the transformation to F-actin is one of the best 
examples of how a protein filament can be formed from globular monomers 
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(Szent-Gyorgyi, 1963). Straub and Feuer (1950) found that one mole 
of ATP is bound to 1 mole of G-actin via a calcium bond and that 
dephosphorylation occurs during polymerization; thus, the tightly 
bound nucleotide of F-actin is ADP. Dialysis of F-actin against 
dilute ATP results in re-formation of G-actin. The calcium and the 
ATP may be removed from G-actin by EDTA treatment but not from F-actin 
+2 +2 +2 (Barany e^ al., 1962). The binding properties of Ca , Mg , and Mn 
to G-actin are similar and increase polymerization; binding of these 
divalent cations is reduced below pH 6.0, the pK of imidazole titration 
(Martinosi e^ al., 1964). The G-F transformation is a temperature-
sensitive equilibrium in the presence of ATP and Mg with mostly G-
actin present at 0°C and mostly F-actin present at 20°C (Asakura e^ al., 
1960). The G-F transformation has a positive enthalpy change of about 
12 kcal per mole of G-actin. 
Insect actin has been prepared from locust muscles (Gilmour and 
Calaby, 1953), from honey bee thoracic muscle (Maruyama, 1965), and 
from the blowfly (Kominz e^ al., 1962). The polymerization properties 
of insect actin are similar to vertebrate actin. Likewise, the amino-
acid compositions of insect (blowfly) and rabbit actin are quite similar 
(Table 3). The most significant difference is the presence of 26 more 
glutamate residues per 1000 moles in insect actin, but a counterbalanc­
ing increase of 18 lysine residues and 9 amide ammonia groups results in 
little change in net charge. 
b. Myosin Early studies on the KCl-extractable material termed 
"myosin" actually were on actomyosin. Szent-Gyorgyi (1945) obtained pure 
myosin by extracting rabbit skeletal muscle with KCl for 15 minutes; 
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Table 3. Amino acid composition of muscle proteins from the blowfly and 
the rabbit in moles of amino acid per 1000 moles of amino acids 
recovered^ 
Amino acid Actin Myosin Tropomyosin 
Blowfly Habbit Blowfly Rabbit Blowfly Rabbit 
Aspartic acid 95. 96 108 101b 109 106 
Glutamic acid 138° 112 194 184 269^ 252^ 
Leucine 83 74 108 94 115? 113? 
Alanine 96 80 100 92 120^ 131^ 
Glycine 79 76 56 46 19b 15^ 
Serine 59 63 44, 49 44, 48, 
Valine 49 45 37 50, 32b 
Lysine 70 52 103^ 131^ 
Proline 53 56 23 26° 3^" 1° 
Threonine 57 72 37 49 36, 31 
Isoleucine 48 57 39 50 19° 35 
Arginine 55 53 56 49 79b 50, 
Phenylalanine 33 33 30 32 4^ 
Tryosine 34 44 21 21 7^ 18 
Histidine 19. 21 16 18, 7 7 
Methionine 39^ 43^ 18 . 26^ 12 19 
Amide NHgC (80) (71) (116) (102) (120) (77) 
Total exceeding 
±1 standard devia­
tion of average 
protein"^ 2 1 3 4 11 . 8 
^Recalculated from Kominz et al. (1962). 
^Values that vary more than ±1 standard deviation from the average 
protein (Smith, 1966). 
^Not included in 1000 moles of amino acids. 
^See Table 2 and Smith (1966). 
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after longer periods actomyosin was obtained. Honey-bee myosin shows 
similar physicochemical characteristics to rabbit myosin; the calculated 
o 
molecular lengths of both are about 1700 A (Maruyama, 1965). Electron-
microscope studies on isolated myosin from striated or smooth muscle show 
o 
a globular head averaging 50 x 210 A attached to a semi-rigid rod aver-
o 
aging 20 x 1550 A (Rice ejt a2., 1966) . Differences between insect and 
vertebrate muscles do not appear to be due to myosin-ATPase differences ; 
in both cases enzyme activity is activated by 2 mM Ca"^^, inhibited by 
+2. 2 mM Mg , and enhanced by 3 mM EDTA (Maruyama, 1965) . As is seen in 
Table 3, the amino acid compositions of insect and rabbit myosin are 
also very similar. 
Aggregation of myosin has been more difficult to study than actin 
polymerization. Holtzer (1956) found that aggregation is stepwise as 
molecules join side to side. The reaction is more rapid at higher 
temperatures (25°C) and in higher ionic strength solutions (1.5 M KCl), 
but aggregates are not reversed by low temperature (4°C). Versene, pH 
10, or ATP. Rice (1963) presented evidence that the initial aggregations 
are dimers with an antiparallel, partial overlap of the rod-like portions 
of the molecules. Huxley (1963) suggests this initial antiparallel over­
lap during aggregation results in the smooth central H-zone about 0.2 y 
long on natural or synthetic thick filaments and also results in the 
opposite polarity of each half filament since subsequent aggregation is 
parallel to other molecules in that half filament. 
c. Tropomyosin The third major protein of muscle was discovered 
by Bailey (1946). Kominz a^, (1962) thoroughly characterized 
tropomyosin from the blowfly. This protein has a sedimentation 
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coefficient of 2.53S, molecular weight of 65,600, intrinsic viscosity of 
0.23, and a-helix content of nearly 100%. These values are very similar 
for rabbit tropomyosin, as is the amino-acid composition (Table 3). 
Certain tropomyosin aggregates resemble the cross-sectional view of 
the Z disk (Huxley, 1963), and tropomyosin is also suggested to be 
o 
responsible for the 400-411-A axial periodicity of the thin filaments 
seen by X-ray diffraction and electron microscopy (Hanson and Lowy, 
1963). 
2. The ultrastructure of myofilaments 
Since the early electron microscope studies of Hall e^ (1946) 
on positively stained actomyosin preparations, microscopists have 
utilized several different techniques to elucidate the molecular 
arrangements of myofilaments. The technique of shadowing was used by 
Rozsa e^ al. (1949) to show that repolymerized F-actin is similar to 
some of the filaments in myofibrils and more recently was used by Rice 
et al. (1966) to show that actin thin filaments are a right-handed 
double helix. 
Negative staining has been an especially useful technique for the 
study of myofilaments. Hanson and Lowy (1963) used this technique to 
demonstrate clearly that F-actin and thin filaments from muscle are double 
helices of spherical subunits spaced 56-A apart with 13 subunits per 
turn. The thorough study of vertebrate myofilaments by Huxley (1963) 
demonstrated the following: i) Thick filaments, thin filaments, and 
Z-I segments may be isolated intact from muscle and negatively con­
trasted with very little change in structure, ii) The structure of 
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synthetic actin and myosin filaments is the same as that of directly 
isolated filaments with the exception that filaments formed i^ vitro 
do not have the precise length limits of directly isolated filaments 
(1.5 y thick filaments, 1 u thin filaments), iii) Irregular projections 
along the thick filaments are seen except in a central region 0.15-0.2 
y long, iv) If heavy meromyosin is added to preparations containing Z-I 
segments, "arrowhead" projections are seen around each thin filament 
with the point of the "arrowhead" on the thin filament pointing away 
from the Z disk. Thus, both thick and thin filaments are polarized. 
Allen and Pepe (1965) used a similar technique on chick-embryo muscle 
and found that only fully formed thick filaments could be isolated from 
developing muscle. They concluded that thick filaments are rapidly 
assembled into their full lengths. Micrographs of negatively stained 
insect myofilaments have not been published. However, the group of 
Garamvolgi in Hungary has studied them (private communication), Hanson 
and Lowy (1963) reported insect thin filaments are similar to F-actin, 
and Huxley (1963) reported observing negatively stained insect myofila­
ments, but no differences between insect- and vertebrate-myofilament 
ultrastructure have been reported. 
Since negative staining has not revealed the precise molecular 
arrangement of myosin within the thick filaments, recent studies have 
utilized thin sectioning together with some additional techniques to 
o 
clarify the organization. Reedy e_t al. (1965) showed that a 388-A axial 
period produced by X-ray diffraction of muscle fibers in ATP-free solu­
tion is unchanged when glutaraldehyde is added to "fix" the pattern, and 
o 
a 380-A period of angled cross bridges between filaments was seen in 
144 
electron micrographs after fixation and Araldite.embedding. Addition of 
ATP to a muscle fiber in salt solution produced relaxation and a stronger 
o o 
146-A diffraction corresponding to a 143—A period of shortened and de­
tached cross bridges seen in thin section. Using antimyosin "staining" 
o 
for electron microscopy, Pepe (1966) found a similar 380-A periodicity 
of specific antigenic sites on thick filaments that does not change 
with the state of contraction, but a different staining pattern was found 
on the ends and center portion of the thick filaments. Together with 
information on the shape of myosin molecules and the semi-triangular 
cross-section image of thick filaments, these observations allowed the 
formulation of the following thick-filament model; three centrally locat­
ed portions of myosin molecules and nine outer portions of molecules 
are arranged in a staggered-overlap pattern so the head of each molecule 
is on the exterior in an arrangement with six-fold symmetry. Baccetti 
(1965) used rotary image enhancement of highly magnified thick-filament 
cross-sections to conclude that the molecular arrangement in mammalian 
and annelid myofilaments is a 9+2 pattern like keratin and on a smaller 
scale like cilia and flagella. He concluded that filaments from insect 
fibrillar muscle have a 9+0 or 9+1 arrangement. 
3. The development of muscle 
a. Vertebrate muscle development The origin of multinucleated 
muscle cells was the oldest controversy on the mode of muscle develop­
ment. From 1845, when Remak postulated that muscle fibers form by 
nuclear division without cytoplasmic division, until after the review 
articles by Bucher (1959) and Boyd (1960) supporting amitotic formation 
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of multinucleated myotubes, the cell fusion theory was a minority 
viewpoint. A multicellular fusion theory has resulted from the evidence 
provided by the use of cytospectrophotometry (Lash e^ , 1957), 
fluorescein-labeled antimyosin (Holtzer et al., 1957; Okazaki and 
Holtzer, 1965), isotopically labeled nucleic-acid precursors (Stockdale 
and Holtzer, 1961), time-lapse cinematography (Capers, 1960), and 
electron microscopy (Przybylski and Blumberg, 1966). These studies 
strongly support the theory that multinuclearity results from fusion 
of mitotically dividing myoblasts. 
Myofibril formation has also been an area of active interest and 
controversy. Almost every cellular component has been thought, at one 
time or another, to be the precursor of the contractile elements. 
Notably, mitochondria have been thought to transform into myofibrils 
(e.g., Meves, 1907), and cytoplasmic granules have been reported to 
form myofibrils (McGill, 1910; Moscona, 1955). Holtzer et al. (1957) 
proposed the idea that myofibril formation occurs in association with 
the cell surface. 
Electron microscope studies of developing muscle have been largely 
on chick cardiac tissue (Hibbs, 1956; Linder, 1960) and developing chick 
skeletal muscle cells (Allen and Pepe, 1965; Przybylski and Blumberg, 
1966; Fischman, 1967). These studies indicate the following sequence 
of events: a high number of thin filaments is formed with only single 
ribosomes present, then large polyribosomes are seen, thick filaments 
appear, associations between thick and thin filaments are formed, thin 
filaments become associated with Z material, and small striated myofibrils 
are formed. Subséquent myofibril growth occurs by lateral filament 
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addition and by addition of more sarcomeres in a step-wise addition of 
sets of filaments. Since all these studies have ulitized the chick 
embryo, the universality of these observations is not clear. No inter­
mediate stages of myofilament formation have been found in most studies, 
but Przybylski and Blumberg (1956) present some circumstantial evidence 
that microtubules become thick filaments and have suggested that ribo-
somes are often located at the recently formed ends of A-band filaments. 
Heuson-Stiennon (1965) suggests polyribosomes are involved in some 
myofilament assembly in embryonic rat muscle. In addition, she suggests 
that thick filaments are formed by addition of material to pre-existing 
thinner filaments. However, Fischman (1967) indicates myofilament 
assembly is independent of any other cytoplasmic structure. 
Formation of the sarcoplasmic reticulum has not been described in 
any of these studies with the possible exception of Allen and Pepe 
(1965), who describe tubules that extend from larger cytoplasmic 
vesicles around small myofibrils at the Z disc. 
b. Insect muscle development Flight muscles of Diptera form 
only during metamorphosis and originate entirely from small mesothoracic 
imaginai discs (Tiegs, 1955). Robertson (1936) accurately timed and 
described the gross morphological changes occuring in Drosophila: thus, 
stages of muscle formation can be correlated with external changes of 
the pupae. Histolysis of larval muscles begins 4 hours after puparium 
formation and is nearly complete after 18 hours. Soon thereafter flight 
muscle development begins (20 hours after pupation). Elongated 
myoblasts orient along a residual strand of larval muscle, or several 
myoblasts form a strand between a new origin and insertion, and 
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differentiation proceeds from the center of these strands toward the 
periphery. Flight muscles are one-third formed after 27 hours, the red 
eye pigment is visible after 49 hours, cross striation appears after 50 
hours, bristles become visible after 69 hours, flight-muscle myofibrils 
are complete after 84 hours, and the adult emerges after 96 hours. 
Muscle formation in other insects is different, usually involving 
step-wise changes during larval stages. Brosemer et al. (1963) found 
a parallel series of changes in mitochondrial volume and mitochondrial 
enzymes during five growth stages of Locusta flight muscle. The blood­
sucking bug Rhodnius begins abdomimal-muscle formation after a large 
feeding and completes the process in nine days, when moulting and muscle 
degeneration occur; then the cycle repeats after the next feeding 
(Wigglesworth, 1956). Muscle cells of the potato beetle are reported 
to degenerate during diapause, and oxidative phosphorylation becomes 
very low (Stegwee, 1964). Smaller dense bodies are seen in place of 
mitochondria in degenerate cells, and Stegwee proposes that mitochondria 
re-form from these bodies at the end of diapause. Observing live muscles 
of the mite with a polarizing microscope, Aronson (1961) found a great 
increase of sarcomere length during development and a similar increase 
in A-band length. 
Very few electron-microscope studies on myofibril formation in 
insects have been reported. Koshihara and Maruyama (1958) reported . 
thin myofibrils with A, I, and Z bands present in the honeybee thorax 
two days after pupation and detected the first extractable actomyosin 
at the same time, but the mode of formation was unclear. Tahmisian 
(1964) suggested some nuclear material is added to.thè myofibrils as 
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Z bands or filamentous material in embryonic grasshopper muscle. In a 
series of studies on myofibril formation in the blow-fly, Calliphora 
erythrocephala. Auber (1962, 1964, 1965a, 1965b) observed the following 
changes: the first indications of myofibrils are bundles of continuous 
o O 
50-A filaments surrounded by 200-A tubular filaments (microtubules); 
o o 
130-A myofilaments appear among the 50-A filaments; hexagonal filament 
arrays with small Z bodies form myofibrils; during all intermediate 
o 
stages of formation, myofibrils are surrounded by 200-A tubules that are 
o 
continuous over several sarcomeres ; during later stages fewer 200-A 
tubules are seen and the number of myofilaments per myofibril increases 
o 
by addition at the surface; occasional small (80-120 A) tubule cross 
sections are seen at the myofibril surface; the sarcomere (and thick 
filament) length increases from about 1.6 y to about 3.0 y; and in the 
o o 
adult muscle only 50-A and 130-A myofilaments are seen. Auber concludes 
o o 
that the 200-A tubules are transformed into 130-A thick filaments and 
o 
that the smaller 80-120-A hollow filaments are an "immature" form of 
thick filament. 
Shafiq (1963b) found that myofibril formation in fibrillar flight 
muscle of Drosophila begins with myofilament formation near the cell sur­
face of myoblasts. These cells fuse to form the muscle fibers. Myofibrils 
form when myofilaments become associated with small, dense Z bodies, and 
a hexagonal filament array can be seen in cross sections of myofibrils 
containing about 30 thick filaments. The H band was seen slightly later. 
Myofibril growth occurred by addition of filaments to each sarcomere to 
increase the width and by increase of sarcomere length from 1.5 y to 
about 3.0 y. Shafiq did not use glutaraldehyde fixation, so no microtubule 
149 
involvement in Drosophila myofibril formation has been reported. Forma­
tion of direct flight muscles or tubular insect muscle has not been in­
vestigated with electron microscopy. 
This portion of the study is an attempt to characterize the process 
of myofibril formation, development of the sarcoplasmic reticulum, and 
the role of microtubules in the formation of two very different types 
of muscle. In addition, the ultrastructure of isolated myofilaments 
from insect muscle is studied. 
B. Methods 
1. Isolation and electron microscopic study of myofilaments 
An isolated-myofibril pellet consisting mainly of myofibrils from 
indirect (fibrillar) flight muscle was prepared in magnesium salt solu­
tion as described in Chapter IV. About 5 ml of cold Mg-ATP-containing 
relaxing medium, Ca-ATP solution, or 0.6 M KCl was added per ml of 
myofibrils, and a suspension was produced by shaking. This suspension 
was drawn several times through a number 23 hypodermic needle into a 
small syringe to separate the myofilaments (Allen and Pepe, 1965). A 
drop of myofilament suspension was placed directly from the syringe onto 
a Formvar-and-carbon-filmed grid, mostly removed with absorbent paper, 
fixed with phosphate-buffered 2.5% glutaraldehyde at pH 7.0 or 2% uranyl 
acetate at pH 4.8, rinsed with MgSS, and negatively contrasted with 2% 
sodium phosphotungtate at pH 6.2 or 2% uranyl acetate at pH 4.8. Immedi­
ately after preparation specimens were observed in an RCA EMU-3 electron 
microscope as previously described. 
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2. Electron microscope study of flight-muscle formation 
Developmental stages of Drosophila pupae were determined by the 
pigmentation of eyes and bristles (Robertson, 1936), and pupae in stages 
of active muscle differentiation were selected. Pupa cases were removed 
with fine needles, and the thoraxes of the more mature pupae were 
dissected free and bisected. Pupae in earlier stages of development 
were too fluid to dissect and hence were processed whole, resulting in 
poorer penetration of preparative solutions through the chitin and poorer 
•tissue preservation. These early pupae and thorax halves of later stages 
were processed as described in Chapter IV with buffered glutaraldehyde 
and OsOi| fixation, acetone dehydration, and Maraglas embedment. 
C. Results 
1. Ultrastrueture of myofilaments 
After isolated myofibrils are placed in Ca-ATP solution or Mg-ATP 
relaxing solution and agitated by being drawn through a hypodermic 
needle, no myofibrils are visible in Ca-ATP solution with the phase-
contrast microscope, and only a few are visible in Mg-ATP solution. 
When the resulting suspension is negatively contrasted, only two com­
ponents are regularly present: thick filaments and thin filaments. 
Thick filaments are evenly spread over large areas of the grid. 
They are tapered on each end and contain a smooth central zone that 
averages 177 my wide, appears solid, and attracts the contrasting solu­
tion much less than the outer portions of the filament (Figs. 71 and 72). 
In some cases the "stain" seems to penetrate the outer portions of thick 
filaments to outline a hollow-appearing core (Fig. 73), an effect that 
Figs. 71-74. Negatively contrasted myofilaments from Drosophila 
myofibrils isolated in magnesium salt solution and 
agitated in Ca-ATP solution. Electron micrographs. 
Fig. 71. Thick filament showing solid-appearing, unstained central 
zone and hollow-appearing outer portions. Contrasted with 
uranyl acetate. X 48,000. 
Fig. 72. Thick filament showing numerous projections from all portions 
of the filament except the smooth central zone. Glutaraldehyde 
fixation and phosphotungstate contrasting. X 48,000. 
Fig. 73. Portion of a thick filament with a clearly outlined, hollow-
appearing core. Contrasted with uranyl acetate. X 130,000. 
Fig. 74. Portion of a thick filament. A number of projections (arrows) 
are present 33-40 my apart along the filament, but none are 
present in the central zone (C). Glutaraldehyde fixation 
and phosphotungstate contrasting. 
a. Positive print. X 149,000. 
b. Negative print. One projection resembles a coil (white 
arrow). X 186,000. 
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is not observed in the smooth central zone of the filament. The width of 
o 
the tubular-appearing portions of the filament averages 195 A; the width 
o 
of the central smooth zone averages 158 A. The average length of all 
thick filaments photographed that contain centrally located smooth zones 
is 3.0 y. A few shorter filaments are found that appear to result from 
fracture of longer filaments; these lack the taper on one or both ends, 
and the smooth zone, if present, is usually not located centrally. How­
ever, nearly all thick filaments present have a length between 2.8 and 
3.2 li. 
At higher magnification small projections are seen along the outer 
portions of the filament, but none are present in the smooth central 
region (Fig. 74). These projections extend about 25 my from the surface 
of the filament and are spaced about 33-40 my apart. Projections on one 
side of the filament appear to be about half-way between those extending 
from the other side of the filament. These projections are seen better 
on filaments fixed with glutaraldehyde before contrasting (Figs. 72 and 
74) than on filaments treated only with the contrasting solution (Figs. 
71 and 73). 
Thin filaments found in the same preparations vary greatly in 
length. The length of the majority of the filaments is between 0.5 and 
o 
1.25 y. The thickness of these filaments alternates between about 50 A 
o 
and 80 A along each filament. In some spots a zig-zag arrangement of 
subunits is seen (arrows, Figs. 75 and 76); these subunits appear 
o 
approximately 40 A in diameter with an average center-to-center spacing 
o 
of 57 A. When myofibrils are treated with 0.5 M KCl, gently agitated, 
and negatively contrasted, only thin filaments on a vêry granular 
Fig. 75. Thin filaments and thick filaments from myofibrils isolated 
in magnesium salt solution and agitated in Ca-ATP solution. 
Thin filaments vary in thickness from 50-80 X and show a 
beaded structure characteristic of polymerized actin. Con­
trasted with uranyl acetate. X 110,000. 
Fig. 76 • Thin-filament preparation from myofibrils agitated in 0.5 M KCl. 
a. No identifiable thick filaments are present, but 
the very granular background indicates that many free 
macromolecules are present. Globular molecules are appar­
ently arranged in a double helix, which at one point (white 
arrow) appears stretched. Contrasted with uranyl acetate. 
X 121,000. 
b. Negative print of a small portion of same area. The helical 
arrangement is more clearly seen (black arrows). X 140,000. 
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background are seen (Fig. 76). The only difference between these fila­
ments and the thin filaments seen in preparations containing both types 
of filaments is a greater thin-filament length in the 0.5 M KCl-treated 
preparations, which were more gently agitated. 
No identifiable Z-band segments nor any other type of muscle fila­
ments except the characteristic thick and thin filaments are seen using 
these techniques. 
2. Formation of flight muscle 
,a. Fibrillar muscle Since Shafiq (1963b) has described myofibril 
formation in fibrillar muscle of Drosophila. only a few new observations 
will be reported. All the myofibrils of a developing, fibrillar-muscle 
cell contain approximately the same number of myofilaments and are evenly 
spread throughout the cell (Fig. 77). Invading tracheocytes are occassion-
ally included within the region of forming myofibrils. Following 
glutaraldehyde fixation, numerous 20-mvi microtubules are seen between the 
myofibrils and nearly always parallel to the myofibril axis. Although 
& 
both may appear tubular, microtubule cross sections can be distinguished 
from the smaller cross sections of thick myofilaments, which are 13 mji in 
diameter in the A band, 11-12 my in diameter and solid in the H band, and 
taper to smaller circles and then to a 6-7-mii filament at the A-I junc­
tion. At a later stage very few or no microtubules are present (Fig. 78). 
Tubular elements seen near the myofibril surface are usually 13 my in 
diameter (equal to a thick filament), but smaller (8-10 my diameter), 
circular cross sections are occasionally seen at the edge of myofibrils. 
Microtubules are continuous across the Z bands, and, although occasionally 
Figs. 77-79. Fibrillar flight muscle during pupal development in 
Drosophila. Fixed with 2.5% glutaraldehyde, post 
fixed with 2% OsOi^, and embedded in Maraglas. Electron 
micrographs. 
Fig. 77. Cross section of a portion of one muscle fiber and a portion 
of a tracheocyte upper right and center. Myofibrils are 
evenly spread throughout the muscle fiber, contain about 12% 
of the adult filament number, and show A-, I-, H-, and Z-band 
structure similar to adult myofibrils. Numerous 20-my-
diameter microtubules (T) are seen oriented precisely parallel 
to the myofibril axis. Stained with uranyl acetate, lead 
citrate, and sodium phosphotungstate. X 33,000. 
Fig. 78. Nearly fully formed myofibrils. No 20-mvi microtubules are 
seen, but circular cross sections that are not in position 
as part of a myofibril are seen (arrows). Two of these are 
the same diameter as the other thick filaments (13 my), but 
one is about 9 my in diameter. Projections similar to cross-
bridges can be seen extending from the smaller diameter fila­
ment toward thin filaments. Note similar diameter cross-
sections (one is circled) at the A-I junction of the adjacent 
myofibril. Stained with lead citrate and 4% sodium phosphotung-
state in acetone. X 76,000. 
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the points at which a microtubule enters the section and a thick filament 
passes out of the section are partially superimposed (Figs. 79 and 80), 
no intermediate stages demonstrating microtubule conversion into thick 
filaments are ever seen. 
b. Tubular muscle The first myofilaments are seen near the 
sarcolemma and consist mostly of unoriented thin filaments (Fig. 81). A 
few microtubules are seen oriented parallel to the long axis of the cell, 
and numerous ribosome-like particles aire present. Thin filaments become 
attached to small, dense Z bodies (Fig. 82), and thick filaments become 
associated with the thin filaments in an irregular array. At a slightly 
later stage irregular Z lines are seen that appear to be fused Z bodies 
(Fig. 83). The resulting myofibrils have A bands about 2.4 y long, I 
bands 0.5-0.8 y long, and sarcomeres about 3.5 y long (Fig. 84). In 
later stages each I band is shorter (less than 0.1 y long) resulting in 
a reduced sarcomere length of about 2.5 p since the thick filaments remain 
about the same length (Fig. 87). In cross sections of a more advanced 
myotube (Fig. 85), a region of organized myofilaments is seen next to the 
sarcolemma and is bounded by a region containing numerous microtubules, 
unorganized myofilaments, and free ribosomes, whereas the core of the myo-
tube contains nuclei, many small mitochondria, rough endoplasmic reticulum, 
and free ribosomes. The microtubules are consistently oriented parallel 
to the long axis of the cell and parallel to the filaments in the organized 
myofibrils, and in no case is any configuration suggesting conversion of 
microtubules to myofilaments observed. The filament arrangement in the 
organized regions is the same as in adult myofibrils, but in some regions 
there appears to be a higher ratio of thin filaments.to thick filaments 
Fig. 79. Developing fibrillar muscle sectioned 5-10° from parallel 
to the myofibrils shown. Microtubules (T).appear to be 
nearly continuous with some of the thick filaments. See 
Fig. 80 for interpretation. Stained with sodium phospho-
tungstate, uranyl acetate, and lead citrate. X 34,000. 
Fig. 80. Interpretation of Fig. 79. Microtubules (T) are often 
located parallel to myofibril axes and about 40 my from 
their surfaces (Fig. 77). When sectioned at a slightly 
oblique angle, points where microtubules enters the section 
and myofibrils leave the section will occasionally be 
superimposed. The diagram is a side view of a section about 
40 mu thick through a region containing a microtubule about 
40 my from the surface of a myofibril. The point of super-
imposition is indicated by an arrow. 
Figs. 81-91. Formation of tubular flight muscle of Drosophila. Fixed 
with 2.5% glutaraldehyde, postfixed with 2% OsOi^, and 
embedded in Maraglas. Electron micrographs. 
Fig. 81. Cross section of early myotube containing unoriented thin 
filaments (F) in high concentration near the sarcolemma (S), 
a few microtubule cross sections (T), small mitochondria, 
ribosome-like particles, and very few vesicles. Stained 
with lead citrate. X 85,000. 
Fig. 82. Early myofibril assembly in longitudinal section. Thin fila­
ments are associated with small, dense Z bodies (Z), and 
thick filaments are associated with thin filaments in an 
irregular manner. Stained with lead citrate and sodium 
phosphotungstate. X 47,000. 
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Fig. 83. Longitudinal section of multinucleated myotube. Partially 
formed myofibril band is located along the sarcolemma. Z 
lines (Z) appear to be aggregated Z bodies. The two nuclei 
labeled N are myotube nuclei, whereas the other nuclei are 
in adjacent cells. Microtubules lie parallel to the cell 
axis and are especially prevalent at the myofibril surfaces. 
Ribosomes and chromatin are emphasized by heavy uranyl 
acetate staining. Also stained with lead citrate and sodium 
phosphotungstate. X 20,000. 
Fig. 84. Longitudinal section of early myofibrils with broad I bands 
but with A bands equal to the adult length at about 2.4 y. 
Stained with lead citrate and sodium phosphotungstate. X 
22,000. 
Fig. 85. Cross section of developing myotube. Myofilaments nearest 
the sarcolemma (S) are in a semiregular array, whereas those 
farther from the cell surface appear unoriented. Micro­
tubules (T) are especially numerous between these two zones. 
The myotube core contains nuclei, numerous mitochondria, 
rough-surfaced endoplasmic reticulum, and free ribosomes. 
Stained with sodium phosphotungstate, lead citrate, and 
uranyl acetate. X 43,500. 
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than the adult six to one ratio (Fig. 86). As development continues, 
the outer myofibril bands appear more like the adult myofibrils (Fig. 
87). A, I, H, and Z bands are seen, mitochondria are present between 
myofibrils, and fewer microtubules are seen. When the number of thick 
filaments per myofibril is 80-100, no more are added. By the same pro­
cess a second tube of myofibrils forms slightly later than the outer 
band between the outer band and the central core. 
Formation of the sarcoplasmic reticulum also occurs during the period 
of myofibril formation. A large number of spherical vesicles are formed 
at the time that small myofibrils and numberous microtubules are present 
(Fig. 88). Some cross sections of flattened tubules (FT) are present 
that seem to originate as invaginations of the sarcolemma. Where these 
flattened tubules become associated with vesicles, the vesicles also be­
come flattened, and a medium-density material is seen inside the flattened 
portion of these vesicles (Fig. 89). One of these dyad precursors is 
located half-way between the Z disc and the center of each sarcomere, as 
are the adult dyads. In sections across the myotube, the transverse 
tubules seem to separate oriented myofilaments into myofibrils (Fig. 90). 
Other vesicles become aligned between myofibrils (Fig. 91), and at later 
stages it appears that they have fused to foirm the sarcoplasmic reticulum 
(Fig. 55). 
D. Discussion 
1. Ultrastructure of myofilaments 
The myofilaments isolated from Drosophila flight muscles provide 
evidence that the molecules composing insect myofilaments are arranged 
Myofilament arrangement during myofibril formation is similar 
to that in the adult. Where microtubules are present, the 
arrangement of thin filaments is not like that around thick 
filaments. In some areas thin filaments greatly predominate. 
Stained with uranyl acetate, lead citrate, and sodium 
phosphotungstate. X 40,000. 
Longitudinal section of more mature myofibril. H, A, I, and 
Z bands are visable, and few microtubules are seen. Stained 
with sodium phosphotungstate and lead citrate. X 26.500. 
Formation of the sarcoplasmic reticulum. Nearly circular 
sections of many vesic^les in a longitudinal myotube section 
indicates a predominance of spherical vesicles. A few 
flattened transverse tubules are seen (?). Stained with 
sodium phosphotungstate and lead citrate. X 45,000. 
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Fig. 89. Formation of the sarcoplasmic reticulum. Vesicles are 
flattened in portions associated with the flattened trans­
verse tubules (F), and a medium density material is seen 
inside that portion of the vesicle. Stained with sodium 
phosphotungstate and lead citrate. X 50,800. 
Fig. 90. Cross section of a myotube. Transverse invaginations of 
the sarcolemma are seen between each myofibril. Stained 
with sodium phosphotungstate and lead citrate. X 35,000. 
Fig; 91. Cross section of a myotube. Some spherical vesicles (V) 
seem to originate from the sarcolemma, whereas other 
vesicles are partially aligned between each ribbon-like 
myofibril. Stained with sodium phosphotungstate and lead 





in a manner similar to those in vertebrate myofilaments, which have been 
thoroughly studied by Huxley (1963). Despite this similarity of the 
general organization, a number of differences are noted. The thick fila­
ments from Drosophila average 3.0 y long when negatively contrasted and 
2.8 v> long when embedded and sectioned or about twice the length of 
rabbit thick filaments (1.6 y). Thick filaments from fibrillar insect 
muscle appear hollow in sections across the A bands of a relaxed myofibril, 
and likewise negative "stain" penetrates into a core in this region but 
not into the central smooth zone. The average width of this smooth zone 
(177 mvi) falls within the 0.15-0.2 p range of the bare central zone in 
rabbit thick filaments described by Huxley (1963) and is within the range 
of values given for the length of myosin molecules. No thickening is 
seen in the center of the smooth zone of insect filaments as is seen in 
rabbit filaments. Huxley suggests that filament length can be limited 
by the presence of two polymers of different periods with filament lengths 
tending to terminate at a common multiple of these two periods. If two 
o 
axial periodicities of 411 and 435 A seen by X-ray diffraction of muscle 
are multiplied by 72 and 68 respectively, multiples 2.958 y and 2.959 y 
long are obtained which are close to the average length of the Drosophila 
thick filament. The projections from Drosophila thick filaments appear 
similar to those on rabbit thick filaments, but the glutaraldehyde 
fixation used in this study seems to preserve these projections in a 
o 
more regular arrangement. Their 330-400-A spacing along the filament 
o 
perhaps corresponds to the 380-A spacing between cross bridges seen by 
Reedy et al. (1965) and Pepe (1966) in sectioned muscle. 
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The thin filaments appear identical to thin filaments or F-actin 
from other muscles, and all the observations described here are consis­
tent with the double helix-model of F-actin. The average center-to-
o o 
center subunit spacing of 57 A is very close to the 56-A value given by 
Hanson and Lowy (1963). Assuming G-actin is a spherical molecule with 
a molecular weight of 57,000 (Szent-Gyorgyi, 1963), one can calculate 
from Equation 1, Chapter III that the molecular diameter of actin is 
o 
about 51 A. This value is located between the apparent diameter and 
the center-to-center spacing observed in Drosophila thin filaments. 
The observation that myosin molecules are not attached to thin filaments 
when treated with 0.5 M KCl before negatively contrasting suggests one 
of the following alternatives is true; i) very little myosin remains in 
the sarcomere in a 0.5-1 M KCl solution, and the apparant increase in 
phase density of the thin-filament zones (Figs. 63 and 64) is only an 
optical-contrast increase after myosin removal, or ii) myosin is bound 
to actin during 0.5 M KCl treatment but is removed during agitation and 
contrasting so only thick filaments are seen in preparations such as 
Fig. 76. No S-filaments such as those seen connecting Z bands of myosin-
extracted myofibrils (Garamvolgyi and Kemer, 1966) are seen among 
negatively contrasted myofilaments unless the structure of S-filaments 
is very similar to the characteristic thin filaments. 
2. Myofilament assembly 
Thick filaments tend to form from myosin molecules in solution when 
a high salt concentration is lowered to an ionic strength near 0.1, 
approximately the ionic strength in the cell (Huxley, 1963). Likewise 
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F-actin that appears identical to thin filaments can be formed from 
G-actin monomers in 0.5 mM ATP and 2 mM MgCl2 at pH 8.0 (Asakura e^ al., 
1960). Thus, there appears to be no need for involvement of any cell 
organelles in myofilament assembly once actin or myosin molecules are 
sythesized; i.e., the necessary information for filament assembly is 
present in the subunit molecules. Accordingly, no direct association 
of any organelle in myofilament formation is observed in Drosophila-
flight-muscle formation. Thus, ribosomal involvement in myofilament 
assembly (Heuson-Stiennon, 1965) is not supported by this study. Since 
Rice (1963) has shown that the initial stage of myosin aggregation is 
a tail-to-tail or anti-parallel overlap with further aggregation parallel 
to each original molecule, the smooth central zone could result from the 
anti-parallel overlap of the straight-shaft portions of myosin molecules. 
The average length of this central zone (177 mji) is about equal to the 
maximum length of the straight-shaft portion of myosin suggested by Rice 
et al. (1966) to be about 180 my. One factor that is apparently not 
determined by the information in single molecules is the length of fila­
ments. As previously discussed filament length may be determined by an 
interrelationship between two different types of macromolecular aggregates. 
No microtubule-like aggregates are observed during in vitro forma­
tion of myosin filaments, and no transitions between microtubules and 
thick filaments are observed in developing insect flight muscle to support 
Auber's (1962) hypothesis that 20-mvi microtubules become the tubular, 
13-mp-thick filaments of fibrillar flight muscle. Very few similarities 
between the solubility properties, ultrastructures, and amino-acid 
compositions (Tables 2 and 3) of myosin filaments and microtubules are 
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found. Microtubules often appear in cells or regions of cells where 
elongation or parallel orientation of structure occurs (Porter, 1966), 
and both of these occur in developing myoblasts. As is the case in 
many developing cells, the number of microtubules decreases when muscle 
development nears completion, but this is not evidence that the micro­
tubules became myofilaments. 
3. Myofibril formation 
Once molecules have been assembled into myofilaments, myofibril 
assembly from myofilaments seems to require an orientation of myofila­
ments parallel to growing myofibrils that are usually parallel to the 
long axis of the myotube. Free myofilaments are usually not oriented 
in this manner except in a region that contains numerous microtubules 
near the forming myofibrils of insect flight muscle. A similar phenomenon 
is observed in developing chick muscle (fischman^ 1967). These observa­
tions add further circumstantial evidence for the concept that micro­
tubules may be involved in orientation of biological structure (Ledbetter 
and Porter, 1963). The microtubules also are probably involved in 
establishment and maintenance of myoblast and myotube asymmetry (H. 
Holtzer, private communication), but further experimentation is nec­
essary to demonstrate the role of microtubules in muscle development. 
The first-formed myofibrils of chick muscle (Fischman, 1967) and 
tubular flight muscle (this study) are located along the sarcomere, but 
those in fibrillar flight muscle are evenly spaced throughout the cell. 
Thus the relationship between the sarcolemma and myogenesis postulated 
by Holtzer et al. (1957) from fluorescent antimyosin labeling studies 
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is observed in some types of muscle but not in others. The thin fila­
ment association with thick filaments and with Z bodies of tubular 
muscle appears to occur at about the same time, and the length of the 
resulting sarcomeres is greater that the adult length. Since the thick-
filament length remains about constant, slow shortening can be suggested 
to occur by the normal contraction process. Such a change is in contrast 
to other insect muscles in which the sarcomere length increases during 
development (Aronson, 1961; Shafiq, 1963bj Auber, 1965b) and to chick 
embryo muscle in which the sarcomere length remains constant (Holtzer 
et al., 1957; Fischman, 1967). 
Cross sections of partially formed myofibrils of fibrillar muscle 
(e.g. Fig. 78) indicate that thick filaments are oriented parallel to 
the myofibril axis before they become part of the hexagonal array but 
that movement of thick filaments may occur parallel to the myofibril 
axis via interaction with thin filaments in the hexagonal array until 
a precise juxtaposition of thick filaments with the A band is obtained. 
I interpret the smaller-diameter, tubular cross sections seen at the 
edge of A-band myofibrils as cross sections through the tapered-tip 
portions of thick filaments that are not yet in register with the A band. 
Thus, making and breaking of actin-myosin bands in a manner similar to 
the interactions in contraction of adult muscle could result in specific 
myofilament aggregation, alignment of filaments in register, and sarcomere 
shortening to the length found in adult muscle. 
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E. Summary 
The structure and mode of formation of myofilaments seem to be 
largely detemined by the properties of actin and myosin, the major 
proteins of the two types of myofilaments. Although no organelle seems 
directly involved in myofilament assembly, microtubules are implicated 
in their parallel alignment and in the elongation of developing muscle 
cells. Aggregation of thick and thin filaments, movement of thick 
filaments until they are in register, and sarcomere shortening to the 
adult length are suggested to occur by the same actin-myosin interactions 
that mediate muscle contraction. Formation of the sarcoplasmic 
reliculum is seen more clearly in tubular flight muscle of Drosophila 
than in any type of developing muscle yet studied, but the mechanisms of 
such dynamic membrane interactions are not well understood. 
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VI. SUMMARY mD CONCLUSIONS 
A. Sununary 
1. A rapid method for isolating mitotic apparatuses from single 
multinucleate amebae. Chaos carolinensis, was developed that circumvents 
some of the problems inherent in other isolation techniques. Its 
rapidity avoids changes in the MA that occur with age and allows testing 
of the properties of the MA in many different isolation media. No pre-
treatment of the cells is necessary, and mitotic apparatuses are isolated 
directly into the test solution. The resulting ameba mitotic apparatus, 
in contrast to previously isolated mitotic apparatuses, is anastral, 
acentric, and non-convergent. 
2. The solubility properties of the ameba MA were determined by 
isolation into many different solutions. The MA is soluble above pH 
6.0 and stable at pH 5.0-6.0 in all buffer solutions used except citrate, 
but the MA is dissolved in citrate buffer above pH 5.2. Versene also 
increases MA solubility. These chelating agents are thought to remove 
divalent cations important for MA stability. Eight divalent cations are 
found to stabilize the MA at pH 6.8 and a concentration of 20 mM, whereas 
20 mM K*" or Na^ do not result in stabilization. The effects of CaCl2 
and KCl are additive in dissolving the pH 6.0-stabilized MA at high 
ionic strengths. Dissolution by high CaCl2 concentrations is independ­
ent of pH between 5.0 and 9.0 as is MA stability in CaCl2 between 10~^ 
and 0.4 M. Below 10 ^ M CaCl2 the stabilizing effects of and Ca^^ 
ions are additive. Other factors found to increase MA stability are 
trivalent cations, ethylene glycol, dithiodiglycol, and D2O. 
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3. No MA. elongation results from addition of ATP-containing solu­
tions to isolated, stabilized MA,. However, when mitotic apparatuses 
from one half of an ameba are isolated in a Mg-ATP medium and those from 
+2 the other half are isolated in a similar Mg salt solution without ATP 
or in CaCl2 solution, mitotic apparatuses in Mg-ATP medium may have a 
greater chromosome separation and a greater total length than the con­
trols. Since mitotic apparatuses from the same organism are usually 
precisely synchronous, this observation is interpreted to be elongation 
induced during a 1-minute interval between placing the half cells in 
different media and observation of the isolated MA. 
4. Ameba MA microtubules were spread on the surface of 20 mM CaCl2 
at pH 6.8, picked up on an electron microscope grid, and negatively con­
trasted. These microtubules are 15 my in diameter with a wall composed 
of about 10 linear protofilaments. The molecular subunits comprising 
protofilaments are about 35 my in diameter and are in lateral register 
to form either a single helix or a stacked disc. 
5. Formation of the MA was studied by isolation at different stages 
of mitosis and by isolation of MA during the re-assembly period following 
cold degradation. MA re-assembly in cooled amebae that were returned to 
room temperature appears very similar to normal MA formation during 
prometaphase. Microtubule re-assembly begins at the kinetochore and pro­
ceeds at a constant rate of about 1.5 y per minute. From the information 
on microtubule ultrastructure, the total number of molecules involved in 
mitotic apparatuses per ameba.and hence the minimum concentration of MA 
protein after experimental disassembly was calculated to be 2.4 x 10^^ 
molecules per cm^. Calculation of diffusion rates indicates that this 
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concentration of MA. protein is slightly higher than the amount required 
o 
to produce a growth of 1.5 y per minute.by diffusion of 40-A subunits 
to one reactive site per microtubule. 
6. The fine structure of Drosophila flight muscles was studied in 
thin sections of adult muscles fixed in glutaraldehyde and osmium 
tetroxide. Tubular flight muscle is characterized by a central core of 
nuclei, a highly developed sarcoplasmic reticulum, ribbon-like myofibrils 
located in concentric tubes, medium-sized mitochondria located between 
these tubes and in the central core, and solid-appearing thick filaments 
each surrounded by about 12 thin filaments. In contrast, fibrillar flight 
muscle is characterized by peripheral nuclei, sparse sarcoplasmic 
reticulum, large, cylindrical myofibrils, large mitochondria surrounding 
each myofibril, and tubular-appearing (in the A band) thick filaments 
surrounded by six thin filaments that are each located directly between 
two thick filaments. The muscles of flightless mutants examined appeared 
normal in these aspects of fine structure. 
7. Myofibrils from homogenized Drosophila flight muscles were 
isolated by centrifugation, and the changes in "contractile" state were 
studied in a number of different solutions. The relaxed state with 
light I and H bands and a sarcomere length greater than 3.0 y is promoted 
by versene or Mg-ATP medium, whereas the contracted state with dark 
and Cg bands and a sarcomere length less than 2.9 y is promoted by 
addition of CaCl2. Myofibrils in 50 mM ATP decreased in diameter to a 
value approximately equal to the sum of the myofilament diameters across 
one.myofibril. 
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8. Drosophila myofibrils in Mg-ATP medium or in Ca-ATP medium 
were found to change to structures not resolvable by phase-contrast 
microscopy. When the resulting suspension is negatively contrasted, 
free myofilaments are seen. Thick filaments are penetrated by the 
"stain" and appear tubular in the outer portions, whereas a central 
zone averaging 177 my long appears smooth and solid. Small projections 
are seen to extend from the tubular portions of glutaraldehyde-fixed 
thick filaments. Drosophila thin filaments appear to be constructed 
of globular subunits in a manner identical to F-actin studied by other 
workers (Hanson and Lowy, 1963). 
9. Myofibril assembly in Drosophila flight muscles was studied 
in thorax halves removed from developing pupae, fixed in glutaraldehyde 
and osmium tetroxide, and sectioned for electron microscopy. In tubular 
flight muscles, myofibril formation begins near the sarcolemma when pre­
viously formed myofilaments become oriented parallel to the myotube 
axis and parallel to many microtubules present in the region. Thin 
filaments become associated with Z bodies that form a Z band when fila­
ments come into register. At later stages the region of partially aligned 
filaments is deeper within the cell and microtubules are concentrated 
there. In fibrillar flight muscles the first myofibrils are small groups, 
of myofilaments evenly spread throughout the cell. Growth appears to 
occur by filament addition at the periphery, where microtubules are also 
located parallel to the cell and myofibril axes. Thick filaments that 
are not yet in register with the A band are seen associated with some 
myofibrils. An hypothesis is presented that these filaments are brought 
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into register by the same interactions that are "involved in muscle con­
traction. 
10. Formation of the sarcoplasmic reticulum in tubular flight 
muscles begins with the appearance of many vesicles in the myotube 
cytoplasm. Invaginations of the sarcolenma occur at the positions of 
future dyads and appear as flattened tubes. Some of the vesicles are 
associated with these tubes at later stages and are flattened with 
dense material inside as is seen in adult dyads. Alignment and fusion 
of the remaining vesicles between myofibrils results in formation of 
the highly developed sarcoplasmic reticulum of tubular flight muscle. 
B. Conclusions 
From the preceding discussions the following conclusions and 
correlations about the mitotic apparatus and insect flight muscle can 
be made on the basis of the parallel observations in this study. 
1. Filament structure 
The presence of anisotropic filament arrays is a characteristic 
property of biological movement systems. The filaments in the MA. and 
each of the two types of muscle filaments are composed mainly of one 
molecular component although other minor components may be present. MA 
o 
microtubules are composed primarily of 35-40-A-diameter globular sub-
units arranged in about 10 longitudinal protofilaments. The thin fila­
ments, of insect flight muscles are composed primarily of similar globular 
o 
molecules about 50 A in diameter. These actin molecules appear to be 
arranged in a double-stranded helix with a pitch much greater than the 
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subunit diameter. Thick filaments of fibrillar flight muscle are composed 
primarily of myosin, since conditions that dissolve myosin remove the A 
band from isolated myofibrils and also remove the thick filaments from 
isolated-filament preparations. These filaments are tubular in both 
sectioned and negatively contrasted preparations. However, they do not 
appear similar to microtubules because their component molecules are not 
in register across the filament, they are not composed of globular sub-
units, they are tapered on each end, and they contain a smooth, solid-
appearing central region about the\ length (177 m^i) of myosin molecules. 
The amino acid composition studies (Mazia, 1955; Kominz et al., 
1962; Olpin, 1967; Stephens, 1967), studies of interactions with myosin 
(Miki and Oosawa, 1962; Aronson, 1965), and immunochemical studies 
(Holtzer et al., 1959; Went and Mazia, 1959) indicate that microtubule 
proteins are similar but not identical to actin and are dissimilar to 
myosin and tropomyosin. These similarities are not yet interpretable 
in terms of function; they may only suggest similarities in design of 
some proteins that polymerize into filaments. 
2. Solubility properties 
The solubility of the molecular components of MA and muscle fila­
ments depends greatly upon the ionic concentration and composition of the 
surrounding solution. Both the MA (this study) and F-actin (Martinosi 
et al., 1964) are stablized by the presence of calcium. However, actin is 
not depolymerized by highly concentrated KCl solutions that dissolve the 
MA as well as the myosin-containing thick filaments. MA microtubules are 
more sensitive to pH changes near neutrality than are muscle filaments. 
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The lability of the MA may result from the fact that the border-line 
between MA. stability and dissolution (Fig.- 12). is near in vivo divalent-
cation concentrations and pH values. Thus, at pH 6.8 and 10 ^ M CaCl2 
either a pH increase to 7.4 or a decrease of calcium concentration to 
5 X 10~^ M can lead to microtubule dissolution, and the reverse of 
these changes could influence microtubule formation. 
3. Formation of filaments 
Filament formation is an organized polymerization of molecules con­
taining in their primary, secondary, and tertiary structures most of 
the structural information for filament formation. No direct involvement 
of any cytoplasmic structures is observed during filament formation in 
Drosophila flight muscle, and filaments formed in vitro from solutions 
of purified actin or myosin are nearly identical to filaments isolated 
from vertebrate muscle (Huxley, 1963). However, foirmation of MA. micro­
tubules usually (but not always) involves centers of polymerization, the 
kinetochores and centrioles. Although thin linear arrays can be formed 
by addition of divalent cation and lowering the pH of a solution of MA 
protein (Stephens, 1967), extracellular microtubule polymerization has 
not been achieved with the possible exception of the induced MA elongation 
observed in this study. However, bacterial flagella, which are somewhat 
similar to microtubules, can be polymerized in vitro if short segments 
are added as nuclei (Asakura, et al., 1964). 
When F-actin filaments in solution (Asakura ^  al., 1960) or MA 
microtubules vivo are cooled to 2°C, they are disassembled to. smaller 
units, and re-assembly occurs upon warming. Re-assembly of F-actin 
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requires ATP and Mg . Microtubule assembly begins at the kinetochores 
and proceeds at a constant rate of about 1.5 y per minute. Collision-
o 
kinetics calculations indicate that diffusion of 40-A subunits to one 
point on each microtubule would be sufficiently rapid to account for 
this rate of growth. 
. 4. Formation of movement systems from filaments 
The MA appears and elongates as microtubules form from the 
kinetochore region outward and become oriented parallel to each other. 
Since chromosome plates can be isolated when spindle fibers have been 
cold-degraded, part of the responsibility for MA assembly may be due to 
connections or forces between the chromosomes. In addition, microtubules 
may possess the spontaneous tendency to form parallel arrays as does 
highly concentrated F-actin (Kasai ^ t al., 1960). Chromosome separation, 
the function of the giant-ameba MA, occurs during anaphase by MA elonga­
tion. This continued foirmation of the MA apparently occurs by bonding of 
additional subunit molecules into microtubules that remain structurally 
similar to those in the metaphase MA. Thus, MA formation and function 
not only appear to involve the same bonds but are synonymous. 
During myofibril formation in Drosophila, the position of micro­
tubules indicates possible involvement in parallel alignment of free 
myofilaments. Once they are aligned, aggregation of thick and thin fila­
ments, movement of thick filaments until they are in register with the A 
band, and sarcomere shortening to the adult length appear to occur by the 
same interactions that result in muscle contraction. Thus, in both 
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myofibrils and the MA the molecular bonding involved in function also 
appears to be important in formation. 
5. Induction and control of movements 
Elongation of Drosophila myofibrils and of the giant-ameba MA can be 
induced by the same Mg-ATP-containing solution. This indicates that 
similar changes in the surrounding medium can induce elongation in these 
two different movement systems but does not imply that these elongations 
occur by the same mechanisms. Nevertheless, both the isolated MA (Mazia 
et al., 1961a) and myosin (Davies, 1963) enzymatically split the terminal 
_ _  
phosphate from ATP. The ATPase of the MA is Mg activated, whereas 
myosin ATPase is strongly activated by Ca plus actin in the presence 
of Mg . Thus, energy release by "contractile" systems can be controlled 
by the level of free Ca^^ and Mg^^ in the micronenviroiuaent, and the bind­
ing and release of divalent cations from membranous cell structures has 
been implicated in this control of both muscle contraction and MA forma­
tion. However, the molecular mechanisms by which chemical energy can be 
converted into mechanical movement require further investigation. These 
comparative studies on the MA and flight-muscle myofibrils indicate that 
both their formation and their production of movement can be described 
as microenvironment-dependent interactions between the molecules that 
comprise the filaments of these movement systems. 
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